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FROM THE EDITORS 
The Plant Science Lectures have been presented annually since 1980 at 
Iowa State University. The lectures, each year, concern a topic that impacts on 
the success of research in plant breeding and ultimately to human welfare. The 
lectures are sponsored by the Departments of Agronomy, Botany, Forestry, 
Genetics, Horticulture, and Plant Pathology, Seed, and Weed Science. 
The theme for the Plant Science Lecture Series for 1983 was "Polyploid 
breeding." This issue of the Iowa State journal of Research is a compilation of 
the papers presented in this lecture series . 
Many of the plant species used for field crop, horticultural, and forestry 
production are polyploid. Most polyploid species of economic importance 
evolved naturally. Their domestication by humans, while followed only by 
gradual improvement for human needs, was limited by the conscious and 
unconscious selection. Examples are strawberries, wheat, and potatoes. How-
ever, some of our newer crops, including tetraploid rye and triticale, are 
man-made polyploids. 
Most plant breeding theory has been developed with diploid inheritance as 
the model. Such models, however, are not applicable to the more complex 
polyploid inheritance, and statistical models for polyploid breeding are difficult 
to derive. As a further complication, various genetic control systems have 
evolved to facilitate the survival of the meiotic and segregation patterns of 
polyploids. For example, hexaploid wheat carries a gene that suppresses pairing 
of homeologous chromosomes with the result that meiosis in the species is 
diploidized. On the other hand, in potatoes tetraploid genetic control is dir-
ected towards preservation, in the gametes, of combinations of alleles that give 
heterosis in the sporophyte. Thus, it may be perceived that the development of 
uniform theory for polyploid breeding is nearly impossible to achieve. Each 
polyploid species is unique and needs to be treated as a special case. Neverthe-
less, plant breeders have had marked success in improving polyploid species, 
such as wheat, alfalfa, and strawberries. 
The first three papers in our presentation provide case histories of success-
ful polyploid breeding of horticultural, field, and forest species. The latter five 
papers are concerned with the general theories of polyploid breeding and 
applicable derivative procedures. Thus, we have attempted, in this publication, 
to provide a reasonable balance of theory and practice. We believe it is a signif-
icant document because it presents the status of breeding polyploids to date 
(1983) and provides insight into areas of research that should challenge breeders 
in the future. 
Kenneth J. Frey, Coordinator 
Plant Science Lecture Series 
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BREEDING OCTOPLOID STRAWBERRIES 
R. S. Bringhurst and Victor Voth 1 
371-381 
ABSTRACT. The California Agricultural Experiment Station has had a program for develop-
ing strawberry varieties for 3 5 years. During this period, eight very successful varieties have 
been released. All cultivated strawberries are octoploid and are self pollinating. All germ-
plasm used in breeding modern strawberries originated from Fragaria virginiana and F. 
cbiloensis. Much diversity exists in both of these species, but F. cbiloensis is especially 
variable. This species has contributed resistance to root diseases, Verticillium wilt, Red 
Stele , and several important virus diseases. 
Diploidization of the four homeologous genomes of octoploid strawberries is under 
genetic control. The genomic composition of strawberries is postulated to be AAA 'A 'BBBB. 
The transfer of traits among octoploid genotypes occurs with ease. Further, di , tetra , 
and hexaploid species hybridize readily with the octoploid, but trait transfer from these 
species is difficult because of chromosomal imbalance in the hybrids. 
Index Descriptors: Fragaria virginiana, F. X ananassa. 
INTRODUCTION 
The rather spectacular increase in strawberry yield in California over the 
past 3 5 years (Fig. 1) is due in large measure to the breeding and release of 
superior cultivars from the University of California, simultaneously with the 
development of improved culture to exploit the new cultivars. The first suc-
cessful cultivars were 'Shasta' and 'Lassen' released in 1945 (Thomas and 
Goldsmith, 1945), and there followed six additional releases of highly success-
ful cultivars; 'Fresno' in 1961 , 'Tioga' in 1964, 'Tufts' in 1972, 'Aiko' in 1975, 
and 'Douglas' and 'Pajaro' in 1979 (Bringhurst and Voth, 1979). 
The principal breeding method employed for strawberry cultivar develop-
ment, although technically pedigree in nature, involved simple recurrent sel-
ection; i.e., the best cultivars or selections of each generation became the par-
ents of the next generation. Thus, four major California cultivars released 
after 1945 and three cultivars released in 1983 are direct descendents of 
Lassen (Fig. 2). The high additive variance in strawberries for the major econ-
omic traits, including yield and fruit size, allows for rapid genetic advance 
(Hansche et al., 1968). 
As noted, Lassen has been the principal ancestor of the current California 
cultivars and has been the source of genes for most traits that condition the 
temperate-zone octoploid strawberries bred to flourish in arid, subtropical 
environmental areas. The most important traits for which Lassen was prepotent 
1Department of Pomology, University of California, Davis , CA 95616. 
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CALIFORNIA STRAWBERRY PRODUCTION 
Figure 1. Comparing acreage, yield per acre, and crop value over 40 years. 
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are: low chilling requirement (little to no dormancy), low temperature thresh-
old for growth, and relatively high salt tolerance . Lassen likely derived some 
favorable genes for these traits directly from the native beach strawberry of 
California, Fragaria chiloensis (L.) Duch. (Fig. 3 ). Albert F. Etter, the pioneer 
California strawberry breeder, who, pursuing his vision of a better strawberry 
than nature provided, was responsible for the original hybridizations and back-
crosses while Harold E. Thomas and the late Earl V. Goldsmith actually bred 
Lassen (Thomas and Goldsmith, 1945). 
PARENTAL SPECIES AND SYNTHESIS OF OCTOPLOID CULTIVARS 
All modern, cultivated strawberries are octoploid (x = 7, 2n = 56). 
Strawberry breeding began at the turn of the nineteenth century in Europe 
following the introduction of the two ancestral octoploid species from the 
Americas: (a) F. virginiana Duch . plants of both sexes were carried over from 
the North American Atlantic seaboard concurrent with the first European 
colonization ; and (b) female plants of F. chiloensis were taken over from 
Concepcion, Chile, in 1712 by the French "amateur botanist," Amedee Fran-
cois Frezier. Sometime later, clonal propagules of the introduced female F. 
chiloensis plants hybridized naturally with male F. virginiana in various Euro-
pean gardens to give rise to the novel type , 'Pine Strawberry,' which was later 
designated as F. X ananassa Duch . However, almost a century was to elapse 
before bonafide octoploid strawberry breeding began, first in Europe and 
later in America (Darrow, 1966; Wilhelm and Sagen, 1972). 
DIOECY AND BREEDING 
The most important morphological-functional difference between the 
synthetic cultivated octoploid, F. X ananassa, and the wild species involves 
their breeding behaviors. The wild ancestral species is dioecious and an obligate 
outcrosser, whereas F. X ananassa is an hermaphrodite that is largely self-
pollinating. Dioecy occurs in all natural Fragaria polyploids (tetraploids, hexa-
ploids, and octoploids). Moreover, unlike most dioecious plants, Fragaria 
females are heterogametic, segregating 1: 1, and the hermaphrodites are aberrant 
"males" since they breed true. In contrast, hermaphrodism is the rule in 
diploid Fragaria species (2n = 14). Furthermore, inbreeding prevails in two 
diploids , California and European F. vesca L. (Arulsekar and Bringhurst, 1981; 
Hancock and Bringhurst, 197 8), that have been studied in the most detail. 
Chilean aborigines probably had selected and were cultivating fully 
hermaphroditic forms of F. chiloensis before the Spaniards arrived. As evidence 
for this, much earlier than 1700 (about 15 56) hermaphroditic F. chiloensis 
cultivars with relatively large fruit were probably carried from Chile to Peru 
and Ecuador by the Spaniards where they are cultivated still (Darrow, 1966; 
(1972) / (1945) 
(l 979 ) TUFTS (l 964 ) /LASSEN 
(1983) / ""' / CHANDLER~ DOUGLAS TIOGA~ 
PARKER "' FRESN~". 
TUSTIN (l 961 ) 
Figure 2. Showing the direct linear descent from 'Lassen' of important California cultivars and recently 
released (19 8 3) unproven cultivars. 
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Wilhelm and Sagen, 1972). Thus, it is likely that ancestral forms of the red and 
white-pink fruited hermaphroditic F. chiloensis, still used in southern Chile, 
were cultivated there from at least the earliest years of the Spanish conquest. 
Consequently, it may have been an historical accident that female F. 
chiloensis plants, rather than hermaphrodites, were carried back to France in 
1712 by Frezier. This affected the course of strawberry breeding significantly 
for 150 years because people who attempted to grow the naturally originated 
hybrids, and later plant selectors, were confused by dioecy. Dioecy caused 
additional difficulty because all fruit-producing plants were heterogametic 
females and segregation for sex was misperceived as sexual reversion (Pardee, 
1866). Efficient, modern culture of octoploid strawberries was not possible 
until self fruitful, fully fertile, true-breeding hermaphrodites were developed. 
OCTOPLOIDY AND DIVERSITY 
There is no evidence that any species other than the two octoploids have 
contributed genes directly to modern octoploid strawberry cultivars despite 
suggestions to the contrary (Darrow, 1966; Wilhelm and Sagen, 1972). Further-
more, there is no evidence that breeding within or among the better known 
diploid, tetraploid, or hexaploid species would have led to the development 
of cultivars with the level of excellence found in current octoploid cultivars. 
The diploid cultivar, Alpine (F. vesca), which is perpetual flowering, is really 
poor when compared to octoploid cultivars, probably because the proper 
genes and gene combinations are not present in the diploids. Recently, Bring-
hurst and Voth (1982) stated: "polyploidy is important in strawberries, be-
cause only in the end products found in nature (octoploids Fragaria virginiana 
and F. chiloensis) were the necessary genes evolved, concentrated, organized 
and conserved in such a way as to make possible the relatively rapid breeding 
of the modern, large-fruited strawberry cultivars." 
Recently, studies were completed that provide information necessary for 
comparing the diversity of the gene pools present in California octoploid and in 
diploid species that grow naturally in overlapping habitats (Arulsekar and Bring-
hurst, 1981; Arulsekar et al., 1981; Bringhurst et al., 1977, 1981; Hancock and 
Bringhurst, 1978, 1979, 1981). The diversity in the octoploids, particularly in 
F. chiloensis, was great both within and between populations whereas the 
diploids tended to be almost uniform, particularly at the intra-populational 
level. As an example, virtually all diploid populations were monomorphic for 
the enzyme glucosephosphate isomerase (GPI), whereas the octoploid popula-
tions were highly polymorphic. Especially polymorphic was F. chiloensis, 
which is found only in intermittent colonies in coastal summer fog-belt habitats. 
All F. vesca colonies growing in close association with the F. chiloensis colonies 
in the same fog belt carried only one GPI allele. Also, morphological variation 
among the diploids was slight. Here the diploids and octoploids grow 
/ 
CAL 21.9 
I '\ / 
LASSEN CAL Z9 
"" / ""' / CAL 161. l FENDALCINO 
\ / '\ 
CAL 86.6 ETTERS BERG 
'\ 
CAL Zl l/ 
""" 
/ 
l 2 l 
"' F. CHILOENSIS CAPE MENDOCINO 
FENDALCINO (ABOVE) 
Figure 3. Partial pedigree of 'Lassen,' showing the California, Cape Mendocino F. chiloensis ancestry. 
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sympatrically and many natural hybrids (mostly pentaploid, 2n = 3 5) occur in 
locations ranging from the central coast south of Monterey to the north coast 
just below Eureka (Point Sur, Devils Slide, Pacifica, Point Reyes, Bodega Bay, 
Wrights Beach, and Cape Mendocino) (Arulsekar et al., 1981; Bringhurst and 
Gill, 1970). 
The California F. chiloensis colonies also are highly polymorphic for 
resistance to the strawberry root diseases Verticillium wilt (caused by Verticil-
lium spp.) (Bringhurst et al., 1966; Wilhelm and Nelson, 1981) and Red Stele 
(caused by Phytophthora fragariae) (Wilhelm and Nelson, 1981); and they 
appear to have high resistance to all important virus diseases (Bringhurst, 
unpublished data). 
DIPLOIDIZA TION IN OCTOPLOIDS 
There is strong evidence for genetic control of diploidization of the four 
homeologous genomes of octoploid Fragaria . This includes: (a) the presence of 
normal bivalent pairing with few multivalents (Byrne and Jelenkovic, 1976), 
(b) gene segregation of isozyme alleles gives good fits to the diploid mono-
hybrid and dihybrid ratios expected in F 2 's and back crosses of diploid matings 
(Arulsekar et al., 1981), and (c) pollen size and the breeding behavior of 
colchicine-induced 16-ploid (2n = 112) plants show that virtually all function-
ing gametes are octoploid (Bringhurst, unpublished) . Homeologous pairing 
appears to occur only when homologues are not present as in pentaploid 
hybrids which might be considered polyhaploids. In the latter case most 
functioning gametes are unreduced. 
Meiosis has not been studied in the true polyhaploids of the octoploids 
(tetraploids, 2n = 28), which occur in breeding populations (Barrientos and 
Bringhurst, 197 3). No functional gametes, reduced or unreduced, have been 
observed in the true polyhaploids, which are completely sterile, and relatively 
weak. In contrast, the natural pentaploid hybrids are vigorous and slightly 
fertile, with many generating significant numbers of viable seeds in nature 
(Bringhurst and Gill, 1970). 
Recently, "reduced" diploids, tetraploids, hexaploids and mixaploids 
derived from microsporocyte cultures from octoploid cultivars have been 
reported to be fertile (Niemirowicz-Szcytt and Zakrzewska, 1981). Since as 
noted, all true polyhaploids have been sterile, fertility in the microsporocyte-
derived diploids, tetrapolids, and hexaploids must be derived by the partitioning 
out of homologous sets, singly, by twos, or by threes. 
Presently, Fragaria octoploids are thought to be autoallopolyploids with 
the genomic formula AAA 1A'BBBB (Senanayake and Bringhurst, 1967). If 
the B genomes are really B and B ', there could be four kinds of balanced, 
fertile diploids; AA, A•A•, BB and B'B'; six kinds of balanced, fertile tetra-
ploids; AAA'A', AABB, AAB'B', A'A'BB, A'A'B'B' and BBB'B'; and four 
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kinds of balanced, fertile hexaploids ; AAA'A'BB, AAA'A'B'B', AABBB'B' 
and A ·A ·BBB •B '. Various partially balanced tetraploids and hexaploids could 
occur also. Much more study on the genomic makeup of strawberries is need~d . 
TRAIT TRANSFER FROM OCTOPLOID SPECIES 
Genes may be transferred with ease from any octoploid species to the 
cultivated forms. The recent breeding of truly day-neutral strawberries, an 
entirely new type, illustrates this point well (Bringhurst et al., 1977). Day-
neutrals differ from "everbearing" type strawberries in that they will fruit at 
any time of the year, regardless of day-length . Normal cropping starts about 
90 days after transplantation of freshly dug or cold-stored plants if adequately 
warm growing temperatures prevail (normally 10°C or above). Under the same 
handling or growing conditions, "everbearing" types behave essentially as long-
day type plants, and standard cultivars are facultative, short-day types. 
The day-neutral trait was derived from an F. virginiana male plant from 
the Wasatch Mountains of Utah, and it was transferred to cultivars through 
backcrossing (Bringhurst et al. , 1966) . Day-neutral genotypes released as 
cultivars are 'Aptos,' 'Brighton,' 'Hecker,' ' Fern,' and 'Selva' in California, 
and possibly 'Tribute' and 'Tristar ' in Maryland. Starting with specific genes 
in wild octoploids, only three to five backcrosses are required to transfer a 
given trait, such as day-neutrality, into useful cultivars if the trait is inherited 
as a dominant. 
TRAIT TRANSFER FROM DIPLOIDS AND INTERMEDIATE PLOIDY SPECIES 
With one possible exception (diploid F. nilgerrensis Schlecht), the diploid 
and intermediate polyploid species hybridize readily with octoploids, and genes 
from diploid (2n = Zx = 14), tetraploid (Zn= 4x = Z8) , and hexaploid (Zn= 6x 
= 4 Z) Fragaria species can be tr an sf erred to the octoploid cultivars indirectly. 
Transfers involving diploids will be emphasized since more work has been done 
with them. 
Three approaches are feasible . The first one involves creating the decaploid 
(Zn= lOx = 70), which can be accomplished by (Bringhurst and Gill, 1970): 
(a) Hybridizing octoploids with diploids to produce pentaploids (2n = Sx 
= 35) and doubling the chromosome number with colchicine to 
produce fully balanced and fertile amphiploid decaploids (Zn = lOx 
= 70) . 
(b) lntercrossing or self-pollinating the pentaploids, which produce a 
high incidence of functional unreduced male and female gametes that 
upon fertilization yield genomically balanced decaploids. 
(c) Hybridize natural or induced tetraploids (from diploids) with octo-
ploids to produce hexaploids (Zn =6x = 42) , which produce a high 
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incidence of unreduced gametes. These unreduced gametes, upon 
backcrossing to the tetraploid parents, yield genomically balanced 
decaploids. 
(d) Develop 16-ploids (2n = 16x = 112) by colchicine treatment of octo-
ploids and hybridize them with tetraploids to produce genomically 
balanced decaploids. 
The second approach involves back crossing nonaploids (2n = 9x = 6 3 ), 
which have a high probability of being very fertile plants, to octoploid cultivars 
(Bringhurst and Gill, 1970). Relying upon the fact that mostly pentaploid off-
spring will result from the functioning of unreduced gametes in the pentaploids, 
nonaploids can be generated in large numbers by backcrossing pentaploids to 
desired octoploids. Also, nonaploids can be produced by crossing decaploids 
with octoploids or by crossing 16-ploid plants with diploids. 
This strategy requires selection for the target gene or combination of 
genes from the diploid species and through backcrossing to incorporate those 
genes into the derivatives, with ultimate elimination of undesirable chromo-
somes and parts of chromosomes to arrive back at the octoploid level. 
Each of the methods for transferring genes from diploid and tetraploid 
species to octoploids has been used with the diploids F. vesca, F. viridis, F. 
iinumae, F. nubicola, and F. yezoensis and the tetraploids F. oriental is, dou-
bled F. vesca, and doubled F. iinumae. These studies have involved natural 
pentaploid and hexaploid (hybrid from unreduced diploid gamete) hybrids 
obtained from crosses between octoploid F. chiloensis and diploid F. vesca 
found along the California coast. (The explorations that led to the discovery 
of F. chiloensis x F. vesca natural hybrids were supported generously by the 
late Honorable Henry A. Wallace.) 
The third approach involves the development of synthetic octoploid 
plants either by doubling or redoubling the chromosome number of diploids, 
doubling the chromosome number of tetraploids, or by hybridizing hexaploids 
and diploids and then doubling the chromosome number. Evans (1982a, 1982b) 
released two clones from the latter type for breeding. They are synthetic 
octoploids derived from hybrids between hexaploid F. moschata Duch. x 
diploid F. nubicola Duch. , and subsequently doubled by colchicine. 
TRAIT TRANSFER FROM POTENTILLA 
Hybridization between Fragaria and Potentilla species offers many inter-
esting possibilities . Two fertile colchicine-induced amphiploids have been 
reported. One was a cross between octoploid F. X ananassa and hexaploid 
P. palustris to give a 14-ploid (2n = 98, Ellis) hybrid. The other was a cross 
between octoploid F. chiloensis and diploid P. glandulosa (2n = 14), which 
gave a sterile pentaploid (2n = 35) (Senanayake and Bringhurst , 1967), which 
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was treated with colchicine to give a fully fertile decaploid (2n = 70). The 
decaploid involving P. glandulosa is of particular interest because it can be 
crossed with decaploid hybrids that result from octoploid F. chiloensis or F. X 
ananassa x various diploid Fragaria hybrids, to open an avenue for possible 
transfer of Potentilla genes to octoploid strawberries via backcrossing. 
SUMMARY 
Only a small part of the rich germplasm pool available for strawberry 
breeding has been utilized thus far. Genetic accessibility has been the deciding 
factor in determining what germplasm has been used, and emphasis has been 
placed upon using the American mainland octoploids F. chiloensis and F. 
virginiana, which are ancestors of modern cultivated strawberries (F. X ana-
nassa). As needs arise, almost unlimited possibilities exist for improving the per-
formance and fruit of cultivated strawberries through conventional means for 
incorporating desirable genes from other Fragaria species and the genus Poten-
tilla . 
Lest we imagine that present accomplishments are adequate, the follow-
ing quotation out of the past is worthy of note. Fred W. Card, at the Inter-
national Conference on Plant Breeding 1902 (Card, 1902 ), said regarding 
strawberry breeding: 
The chief difficulty to be overcome in obtaining desirable varieties 
by crossing lies in the large number of characters desired. These em-
brace vigor of plant and leaf, plant-making ability, resistance to rust, 
hardiness, productiveness, size of fruit, color, shape, including the 
way in which the hull is set, firmness, flavor, season of ripening, etc. 
Whether Mendel's law is a fact or a fad, it is difficult to combine all 
these characters which are desirable in one berry. There is abundant 
room for advance. Our best berries are still deficient in some points. 
After 80 years, the last two statements are still true. 
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ABSTRACT. The perennial grasses of the Triticeae tribe-Agropyron, Elymus, Leymus, 
Psathyrostachys, Pascopyrum, and Elytrigia-are especially well suited to wide-hybrid-
ization and induced-polyploid breeding because most of these grasses are themselves poly-
ploids with a history of interspecific hybridization. Breeding strategies were developed after 
taking into account the genomic constitution and polyploidy characteristics of each genus. 
The following strategies were given the highest priority: Agropyron (C-genome species)-
hybridize induced tetraploids with natural tetraploids; Elymus (SH-genome species)-
hybridize and introgress among tetraploid taxa; Leymus (JX-genome species)-hybridize 
dodecaploid L. angustus with other Leymus species; Psathyrostachys ()-genome species)-
produce induced tetraploids from diploid taxa; Pascopyrum (SHJX-genome species)-syn-
thesize new allooctoploid taxa; and Elytrigia (a genomically diverse group of species)-
hybridize S-genome tetraploids with hexaploid Elytrigia repens. Breeders must be very dis-
criminating in their choice and application of strategies to justify the extra risk, time, and 
expense associated with nonconventional breeding programs. 
Index Descriptors: Agropyron, Elymus, Leymus, Psathyrostachys, Pascopyrum, 
Elytrigia, wheatgrasses, wildrye grasses, interspecific hybridization, grass breeding, poly-
ploidy, autoploidy, alloploidy, amphiploidy, and genome relations. 
INTRODUCTION 
The Triticeae (Hordeeae) tribe contains many of the world's important 
range and pasture grasses including crested wheatgrass (Agropyron eris ta tum), 
intermediate wheatgrass (Elytrigia intermedia), slender wheatgrass (Elymus 
trachycaulus ), Russian wildrye (Psathrostachys juncea ), Altai wildrye (Leymus 
angustus), and Western wheatgrass (Pascopyrum smithii). Not only are these 
grasses important in their own right, but they serve as a genetic reservoir that 
can be drawn on for the improvement of their cereal crop relatives in Triticum, 
Hordeum, and Secale. 
Grass breeders, for the most part, have relied on conventional breeding 
and selection methods in cultivar development programs, most of which have 
been only modestly successful. The perennial Triticeae grasses are especially 
well suited to improvement through wide hybridization and induced poly-
ploidy. At least 90% of these grasses are polyploids, and most arose through 
interspecific or intergeneric hybridization. Inasmuch as wide hybridization and 
induced polyploidy have played such an important role in the evolution of the 
1 Research Geneticist, USDA-ARS, Crops Research Laboratory, Utah State University, 
UMC-63, Logan, UT 84322. 
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Table 1. Genomic classification and cytogenetic characteristics of the peren-
nial genera of the Triticeae tribe. 
Approx. 
no. 
Genus Type species Basic genome(s) species Chrom. no. (2n) 
Agropyron A. cristatum c 10 14,28,42 
Elymus E. sibiricus S,H,(Y?) 150 28,42,56? 
Leymus L. arenarius J ,X 40 28,42,56,70,84 
Psathyrostachys P. languinosa J 10 14 
Pascopyrum P. smithii S,H,J,X 1 56 
Elytrigia E. repens S,E,Ju, et al.? so 14,28,42,56, 70,84? 
Triticeae grasses, plant breeders should be able to use the same processes to 
further improve these species. 
The purpose of this paper is to suggest breeding strategies that will en-
hance the efficiency of wide-hybridization and induced-polyploid programs in 
Agropyron, Elymus, Leymus, Psathyrostachys, Pascopyrum, and Elytrigia . The 
generic definitions that I am using are those that reflect genomic relationships 
(Table 1). A taxonomic system based on biological relationships (determined 
through genome analysis) can assist plant breeders in determining which species 
and methods offer the greatest opportunity for success. 
AGROPYRON (L.) Gaertner 
The genus Agropyron in its narrowly defined sense (Melderis, 1980) con-
sists only of the crested wheatgrasses (A. cristatum, A. desertorum, A. fragile 
et al.). The crested wheatgrasses comprise about ten species; the most wide-
spread species, A. eris ta tum, has been further partitioned into ten subspecies 
(Tzvelev, 1976). These grasses grow on varied arid and semiarid sites from 
eastern Europe and the Middle East through Central Asia to Siberia and Inner 
Mongolia. None is native to North America; nevertheless, crested wheatgrass 
is the most widely seeded range grass in North America. 
The crested wheatgrasses are cross-pollinating species that occur at three 
ploidy levels: diploid (2n = 14), tetraploid (2n = 28), and hexaploid (2n = 42). 
Only one basic genome, C, is found in all crested wheatgrasses regardless of 
ploidy level, meaning that the tetraploid and hexaploid races are autoploids or 
near autoploids (Dewey, 1969). The tetraploids are by far the most prevalent 
chromosome race (Table 2); they occur over the entire ecogeographic range 
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Table 2. Frequency distributions of taxaa of Agropyron, Elymus, Leymus, 
Psathyrostachys , and Elytrigia at various ploidy levels.b 
Chrom. Genus and Genomes 
no. Agropyron Elymus Leymus Psa thyrostachys Elytrigia % of 
(2n) (C) (S,H,Y) (J,X) (J) (S,E,Ju) Total Total 
14 5 6 12 23 9.7 
28 13 92 25 18 148 62.4 
42 1 26 17 45 19.0 
56 4 8 5 17 7.2 
70 1 1 2 0.8 
84 1 1 2 0.8 
Total 19 122 36 6 54 237 99.9 
aTaxa includes species and subspecies . 
bchromosome counts taken from Love (unpublished), Tzvelev (1976), and Dewey (unpub-
lished. 
of the crested wheatgrasses. The diploids occur across the entire geographic range 
of the crested wheatgrasses, but they usually are found in relatively small 
pockets as diploid islands in a tetraploid sea. The hexaploids are rare, and they 
appear to be confined to an area near the border between northeastern Turkey 
and northwestern Iran (Dewey and Asay, 1975). 
Strategy 1: Hybridize and Introgress Among Diploid Taxa: At least three rather 
distinct diploid crested wheatgrass taxa occur in nature: (1) broad-spiked 'Fair-
way' and Fairway-like plants classified as A. cristatum ssp. pectinatum, (2) broad-
spiked A. cristatum ssp. cristatum with villous glumes and lemmas, and (3) nar-
row-spiked A. fragile ssp. mongolicum. Fairway and Fairway-like strains are the 
only economically importa1n diploids, yet they are so morphologically uniform 
that only moderate opportunity exists for further improvement until new 
variation can be infused into them. Hybridizing Fairway with the other diploid 
taxa, especially the narrow-spiked A. fragile ssp. mongolicum, can bring a wide 
array of variability into Fairway. The diploid taxa hybridize readily and the F 1 
hybrids are partially fertile (Dewey and Asay, 1982), thus opening the way to 
gene transfer. Repeated backcrossing to Fairway will be needed to insert the 
desired variation into the genetic background of Fairway and to restore full 
fertility. Transfer of the rhizomatous habit of PI 229574 (A. cristatum ssp. 
cristatum may be a significant improvement in Fairway, which is sometimes 
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used as a dryland turfgrass . The advantages coming from hybridizing Fairway 
with A. fragile ssp. mongolicum cannot be predicted because the consequences 
of new gene combinations cannot always be foreseen. Nevertheless, combining 
of genes from genetically diverse sources might lead to hybrid vigor. 
Strategy 2: Produce Induced Tetraploids: Inasmuch as autoploidy or near-
autoploidy is the rule in Agropyron, artificial doubling of the chromosome 
complement of diploids is a logical breeding strategy. A few induced tetraploids 
of Fairway have been produced by colchicine treatment of diploid seeds (Tai 
and Dewey, 1966). The induced tetraploids were somewhat taller but no more 
productive than their diploid counterparts . However , fewer than ten Fairway 
diploids were doubled, so the induced tetraploid populations were too small to 
adequately assess the merits of induced polyploidy . Because of the difficulty of 
identifying autotetraploid sectors in colchicine treated diploids (Tai and Dewey, 
1966), an adequate breeding population of induced tetraploids can be obtained 
only after an unusually heavy investment in time and money. At present, it 
seems doubtful that such an investment could be justified. 
Induced polyploidy probably has greater potential for diploid intertaxa 
hybrids than for the parent taxa themselves because it is much easier to identify 
colchicine-doubled sectors in intertaxa hybrids than in the diploid taxa. In-
duced tetraploids derived from intertaxa hybrids are more appropriately 
designated as segmental alloploids because they contain closely, but not fully , 
homologous genomes, i.e. C1 C1 C2 C2 rather than C1 C1 C1 C1 . At least some of 
the naturally occurring crested wheatgrass tetraploids are segmental alloploids, 
which show fewer quadrivalents than would be expected of strict autoploids 
(Shulz-Schaeffer et al., 1963). 
Strategy 3: Hybridize Induced Tetraploids with Natural Tetraploids: This is the 
only wide-hybridization strategy that has been tested in Agropyron, and the 
results have been highly encouraging. Induced tetraploid Fairway (A. cristatum 
ssp. pectinatum) was hybridized with natural tetraploid A. desertorum and gave 
rise to exceptionally vigorous F 1 hybrids with low to moderate fertility (Dewey 
and Pendse, 1968). The hybrid progenies were entered into a breeding program 
in 197 4 to improve fertility while maintaining vegetative vigor. The hybrids 
have been evaluated at numerous sites in the Intermountain Region, where they 
have consistently outperformed the commonly used crested wheatgrass culti-
vars with respect to stand establishment, seedling vigor, and forage production. 
Because the initial program involving induced x natural tetraploids is 
based on a very few parent plants, it is virtually certain that better hybrids can 
be obtained if a large number of carefully selected induced tetraploid A. crista-
tum and natural tetraploid A. desertorum parents were used to generate other 
hybrid populations. The primary barrier to this strategy is our current inability 
to obtain a large number of induced tetraploid A. cristatum plants. At present 
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we have only four induced tetraploid A. cristatum clones, but attempts are 
being made to obtain more. Until more induced tetraploids can be obtained, 
the best course of action is to use a wide array of selected natural tetraploids in 
crosses with the four existing induced tetraploids . 
Strategy 4: Merge All Ploidy Levels into a Tetraploid Breeding Population: The 
genetic resources of crested wheatgrasses from all chromosome races (2n = 14, 
28, and 42) can be brought together into a single breeding population at the 
tetraploid level. The most direct method involves hybridization of diploids x 
hexaploids to produce tetraploid hybrids , which are then crossed to naturally 
occurring tetraploids (Dewey, 1973). A disadvantage of this method is that the 
initial diploid x hexaploid cross is so difficult to make that large hybrid popula-
tions are hard to generate . Another approach is to hybridize doubled diploids 
x hexaploids, a cross that can be made with ease to give rise to pentaploid 
hybrids (Dewey, 1969). The pentaploids can then be hybridized and back-
crossed to natural tetraploids until the population stabilizes at the tetraploid 
level. No more than two backcrosses of a pentaploid hybrid to a tetraploid 
should be necessary to produce cytologically stable and fully fertile tetraploids 
(Dewey, 1974a) . 
Neither of the methods of merging all ploidy levels has been used in 
crested wheatgrass breeding programs. Asay and Dewey (1979) examined the 
cytology and fertility of small populations of (6x - 2x) x 4x hybrids and con-
cluded that sterility and meiotic irregularity can be easily overcome through 
selection. Nevertheless, before a breeding program is undertaken, larger and 
more diverse hybrid populations should be obtained . 
ELYMUS Linnaeus 
Elymus in its newly defined sense (Dewey, 1983) is the largest and most 
widespread genus in the Triticeae tribe, encompassing about 140 species and 
an additional 70 subspecies (Love, unpublished2 ). The type species of Elymus 
is E. sibiricus, a tetraploid species with a genome formula of SSHH (Dewey, 
1974b). When Elymus is defined as containing only those species with Sand H 
genomes (and sometimes a Y genome), it brings species together from tradi-
tional Elymus (in part), traditional Agropyron (in part), all of Sitanion, and all 
of Hystrix. 
Elymus contains many important forage grasses including the slender 
wheatgrasses (previously in Agropyron as A. trachycaulum et al.), the Canada 
2 The unpublished manuscript by A. Love referred to here and elsewhere in the paper is 
entitled "The biological taxa of the grass tribe Triticeae : their nomenclature." It is the only 
worldwide compilation of the species of the Triticeae tribe. Dr. Love has provided me with 
a copy of that manuscript and given permission to cite it in advance of its publication. 
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wildrye complex (E. canadensis et al.), the blue wildrye complex (E. glaucus et 
al.) , the thickspike wheatgrass complex (previously in Agropyron as A. 
dasystachyum), and the squirreltails (previously in Sitanion as S. hystrix et al.). 
The Elymus grasses are prevalent in most temperate and subarctic regions of the 
earth including large areas of Europe, Asia, Australia, South America, and 
North America. 
Elymus is exclusively a polyploid genus derived from hybridization of 
S-genome taxa from Elytrigia and H-genome taxa from Hordeum (Dewey, 
1971). Of the 122 Elymus taxa on which chromosome counts have been made 
(Table 2), 7 5% are tetraploid (2n = 28) , 21 % are hexaploid, and only 3% are 
octoploid (2n = 56). The octoploid numbers must be verified. 
Strategy 1: Hybridize and Introgress Among Tetraploid Taxa: A large number 
of hybrids have already been obtained among the SSHH Elymus tetraploids 
(Dewey, 1982), and it is probable that hybrids can be obtained between any 
two of these tetraploid taxa. Some of the interspecific hybrids of Elymus are 
totally sterile; however , others are partially fertile , thus opening the way to 
gene introgression between the parent species. 
Because such a large number of different interspecific hybrids of Elymus 
are available, one must use discretion in determining which hybrid population 
warrants a breeding effort. Unless a breeder has a specific breeding objective in 
mind, he should probably not embark on an interspecific hybrid program. One 
obvious objective is to transfer the rhizomatous habit from species of the E. 
lanceolatus (=Agropyron dasystachyum) complex to the caespitose species of 
Elymus. Probably the main reason that the caespitose Elymus species have 
received little attention from plant breeders is that they are generally short-
lived perennials. Transferring the rhizomatous habit from E. lanceolatus to 
species such as E. trachycaulus would not only extend longevity, it would in-
crease tolerance to grazing and also improve soil stabilizing characteristics. 
Almost any hybrid involving E. lanceolatus and a caespitose species of 
Elymus may warrant a breeding effort. Hybrids of E. lanceolatus x E. caninus 
(=Agropyron caninum) have shown considerable promise at Logan, Utah . The 
two species hybridized readily and produced F 1 hybrids with 5 to 25% stain-
able pollen and up to 600 seeds per plant (Dewey, 1970). Fertility and meiotic 
regularity improved quickly in advanced generations, and morphological var-
iability remained high . This hybrid population provides an excellent opportun-
ity for grass breeders, yet no one has yet tried to exploit its potential. 
Strategy 2: Synthesize New Tetraploid Species: The SSHH genome combin-
ation is the Triticeae tribe's most successful, if success is measured in terms of 
number of species and their range of ecological adaptation and geographical 
distribution. An even wider array of SSHH allotetraploids can by synthesized 
by hybridizing SS diploids with HH diploids and doubling the SH hybrids with 
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colchicine. Several SS diploids are known including Elytrigia spicata (North 
America), E. libanotica (Middle East) , E. stipifolia (Transcaucasia) , and E. 
ferganensis (Central Asia). Hordeum is the source of HH diploids ; and about 
ten perennial Hordeum diploids are found in widely separated areas in both 
hemispheres, e.g. H. californicum (North America), H. bogdanii , (Central 
Asia), and H. stenostachys (South America) . The opportunity exists to synthe-
size 40 new amphiploids by hybridizing the four Elytrigia diploids with each of 
the ten Hordeum diploids . 
Although the potential to make SSHH amphiploids is obvious, none has 
been synthesized. Plant cytogeneticists should accept the challenge to deter-
mine the practicality of such an approach . 
Strategy 3: Synthesize New Autoallohexaploid Species: About 20% of the 
Elymus species are hexaploids (Table 2) . Most of these are autoallohexaploids 
derived from hybridization between SSHH tetraploids and SS or HH diploids 
to give rise to SSSSHH or SSHHHH amphiploids, respectively. It has been 
verified experimentally that autoallohexaploids can be synthesized as outlined 
above. Dewey (1972a) hybridized Elytrigia libanotica (SS) X Elymus caninus 
(SSHH) and produced an SSH triploid hybrid, which was doubled with col-
chicine to produce an SSSSHH amphiploid. Subsequent studies showed this 
amphiploid to be roughtly equivalent to Elymus leptourus. 
Ten different autoallohexaploids , each an incipient species, have been 
synthesized at Logan. After three sexual generations, fertility has been sta-
bilized at an acceptable level; nevertheless, fewer than half of the amphiploid 
populations are vigourous enough to have plant breeding potential. The most 
promising amphiploids are: (1) Elymus canadensis (SSHH) xElytrigia libanotica 
(SS), (2) Elytrigia spicata (SS) x Elymus lanceolatus (SSHH), and (3) Elytrigia 
libanotica x Elymus lanceolatus. At present, only the Elytrigia spicata X 
Elymus lanceolatus amphiploid population is being carried in a breeding pro-
gram, albeit a very small one. If this or any other hybrid breeding program is 
to succeed, the genetic base must be expanded by starting with a wide range of 
parents and F 1 hybrids and then generating large amphiploid populations. 
Strategy 4: Synthesize New Autoallooctoploids: This might be considered as a 
negative strategy, i.e . one to be recommended against . Inasmuch as Elymus 
octoploids occur so rarely in nature (Table 2), it appears that this ploidy 
level is beyond the optimum for the genus. Experience at Logan supports the 
notion that the production of octoploid Elymus amphiploids holds little 
promise. 
Most of our interspecific hybrids of Elymus have been between tetra-
ploids, simply because tetraploid species are the most common. Twenty different 
octoploid amphiploids (SSSSHHHH) have been synthesized and advanced 
through several seed generations. Some of the amphiploids have good vegetative 
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vigor; but all have serious fertility problems, which increase in advanced gener-
ations (Asay and Dewey, 1976). Grass breeders should avoid these octoploid 
amphiploids because of the sterility problems. 
LE YM US Hochstetter 
The genus Leymus was separated from traditional Elymus in 1848, but 
only recently has that separation gained widespread acceptance among Euro-
pean and Asian agrostologists (Tzvelev, 1976; Melderis, 1980). North Amer-
icans are just now beginning to accept Leymus as a valid genus (Barkworth and 
Atkins, 1984 ). From a cytogenetic standpoint, Leymus consists of species 
based on two genomes, ] and X. The ] genome is found in diploid species of 
Psathyrostachys (Dewey and Hsiao , 1983), and the X genome is of undeter-
mined origin, although Love (unpublished) thinks that the X genome comes 
from species of the Elytrigia juncea complex. 
Leymus species are found only in the northern hemisphere. Love (un-
published) recognizes 31 species and another 13 subspecies. Leymus arenarius 
(the type species) and its closest relatives, L. mollis and L. racemosus, are 
littoral species of considerable value in stabilizing coastal sands. The remaining 
species are grasses of the Asian and North American interiors. Many of the 
species are tolerant to salt and often grow on the margins of brackish lakes and 
saline-alkaline valley bottoms. 
Leymus is a polyploid genus with chromosome numbers ranging from 
2n = 28 to 84 (Table 2). About two-thirds of the species are tetraploid (2n = 28). 
Leymus has a larger proportion of octoploid (2n = 56) taxa than 
other Triticeae species; almost 25% are octoploid. It is not uncommon to find 
tetraploid and octoploid chromosome races in the same species, e.g. L. ciner-
eus, L. innovatus, and L. salinus. Apparently species of Leymus are more 
compatible with high ploidy levels than are other species of Triticeae. 
Strategy 1: Hybridization and lntrogression Among Tetraploid Taxa: Inter-
specific hybrids have been made among many of the ]]XX tetraploids (Dewey, 
1972b), and it is likely than any ]]XX species can be hybridized with any other 
]]XX species. Chromosome pairing is almost complete in many of the hybrids; 
and fertility, as measured by stainable pollen , ranged from 0 to 75%. Transfer-
ring simply-inherited traits from one species to another should be relatively 
easy by repeated backcrossing and selection. Strains more or less intermediate 
between the parents could be obtained by intercrossing the hybrid derivatives 
with each other rather than backcrossing them repeatedly to the parent species. 
One potentially useful project involves the transfer of the nondormant 
seed trait from L. cinereus to L. triticoides. Leymus triticoides is a useful 
grass, yet it will never achieve its potential until its seed dormancy is overcome. 
Leymus cinereus has little or no seed dormancy and it hybridizes easily with 
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L. triticoides to produce partially fertile F 1 's. Backcrossing the F 1 's to L. 
triticoides followed by intense selection for nondormancy may lead to non-
dormant strains of L. triticoides. A simultaneous program could be initiated to 
transfer the rhizomatous habit from L. triticoides to L. cinereus by repeated 
backcrossing to L. cinereus followed by selection for rhizomes. 
Strategy 2: Synthesize New Autoallohexaploid Species: Theoretically, auto-
allohexaploid species with the general formula of JJJJXX can be synthesized 
by hybridizing JJXX Leymus tetraploids with JJ Psathyrostachys diploids and 
subsequent chromosome doubling with colchicine. Amphiploids of L. triti-
coides X P. juncea, L. karataviensis X P. juncea , and L. salinus X P. juncea 
have been produced at Logan but none shows any particular advantage over 
the tetraploid species. Hexaploid species of Leymus are very rare in nature 
(Table 2), suggesting that production of hexaploid amphiploids is not a wise 
venture. 
Strategy 3: Synthesize New Autoallooctoploid Species: Inasmuch as octo-
ploidy is relatively common in Leymus (Table 2), breeders may wish to pro-
duce octoploid species by hybridizing JJXX tetraploids and doubling the 
chromosome complement of the F1 's to produce JJJJXXXX amphiploids. 
I have produced over ten different JJXX F 1 hybrids, and five of those have 
been doubled to produce JJJJXXXX amphiploids. All of the amphiploids sus-
tained a substantial loss of vigor in comparison with their F 1 's. As yet, I have 
seen nothing to recommend this strategy to plant breeders who are working 
in Leymus. 
Strategy 4: Hybridize 84-Chromosome L. angustus with Other Leymus Species: 
We have produced two different interspecific hybrids involving L. angustus, 
L. angustus X L. cinereus and L. angustus X L. giganteus, both of which appear 
to have excellent breeding potential (Dewey, 1978). In each instance, the 
hybrids had higher-than-expected chromosome numbers, 2n = 98 and 2n = 70, 
resulting from unreduced gametes of L. cinereus (2n = 56) and L. giganteus 
(2n = 28) combining with reduced gametes of L. angustus (2n = 84 ). 
The F 1 hybrids of both crosses are vigorous and relatively fertile, with 
over 80% stainable pollen. At present, we have highly productive and ~ully 
fertile F 4 lines, and a serious breeding effort is being launched. It seems well 
within our grasp to produce hybrid strains that are more productive than the 
parent species and have the superior forage qualities of L. angustus. Because 
these hybrids are so promising, it is suggested that many more hybrids be 
made between L. angustus and other species of Leymus. 
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PSATHYROSTACHYS Nevski 
Psathyrostachys (meaning brittle rachis) is a small genus of eight to ten 
species, which prior to 1934 had been in Hordeum or Elymus (Nevski, 1934). 
In addition to the fragile rachis, these species have multiple spikelets per node, 
multiple florets per spikelet, and subulate glumes. All species of Psathyrostachys 
are densely caespitose. Contemporary European and Asian agrostologists 
(Keng, 1965; Bor, 1970; Tzvelev, 1976; and Humphries, 1980) all recognize 
Psathyrostachys and are in agreement concerning the species that belong in it. 
Cytogenetic work with Psathyrostachys has been very limited, but it appears 
that the genus is built on a single genome , J (Dewey and Hsiao, 1983). 
Species of Psathyrostachys occur only in Asia, ranging from the Middle 
East (Bor, 1970) to Mongolia (Keng, 1965). These grasses are tolerant to both 
drought and salinity. The most prevalent species is P. juncea (Russian wildrye), 
which has become an important grass for revegetating rangeland in western 
North America. 
Chromosome counts have been made on four species and two additional 
subspecies of Psathyrostachys, and all are diploid, 2n = 14 (Table 2). Pre-
sumably the remaining taxa are also diploid. The J genome of Psathyrostachys 
is comparable to the J genome of the JX-genome polyploids that constitute 
Leymus (Dewey, 1972c). 
Strategy 1: Hybridize and Introgress Among Diploid Taxa: The primary pur-
pose of this strategy is to broaden the genetic base of Russian wildrye. Only 
one interspecific hybrid combination, P. juncea X P. fragilis (Dewey and Hsiao, 
1983 ), has been reported. The F 1 hybrid produced up to 5% stainable pollen, 
indicating sufficient fertility to permit introgression of genes from P. fragilis 
into P. juncea. However, no attempt has yet been made to transfer genes among 
Psathyrostachys diploids. If one were to pursue this breeding strategy, many 
more hybrids and hybrid combinations must be obtained. 
Strategy 2: Produce Induced Tetraploids from Diploid Taxa: Autotetraploidy 
has proven to be advantageous in Agropyron, where it results in larger plants 
and seeds and accounts for more than two-thirds of the naturally occurring 
taxa. Why natural autoploidy is so prevalent in Agropyron and apparently non-
existent in Psathyrostachys in unknown. Yet, the potential benefits of larger 
plants and larger seeds are great enough to warrant a concentrated effort to 
produce autoploids of at least P. juncea. About 15 years ago, A. E. Slinkard 
(unpublished) produced an autotetraploid P. juncea while working at the 
University of Idaho. The autotetraploid, which has much larger seeds than the 
diploid, has never been tested adequately so its potential is undetermined. 
Unsuccessful attempts have been made at Logan, Utah to produce autotetra-
ploid P. juncea. An efficient method of producing autotetraploids must be 
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developed if induced autoploidy is to be a successful breeding strategy in 
Psathyrostachys . 
Hybridization between any two diploid Psathryostachys taxa followed by 
chromosome doubling will give an amphiploid of the type ] 1 ] 1 ] 2 ] 2 • This 
strategy has not been attempted yet, and tetraploids of this type are not known 
to occur in nature. Inasmuch as tetraploidy often leads to increased vegetative 
size and larger seeds, this strategy may help overcome the poor seedling vigor 
associated with Psathyrostachys diploids. 
PASCOPYRUM Love 
Pascopyrum is a monotypic genus recently erected by Love (1982). Its 
sole member, P. smithii (western wheatgrass), is a widely distributed species in 
western North America. This species has been placed at various times in Agro-
pyron, Elymus, Elytrigia, and Zeia. Because of its unique genome constitution, 
SSHHJJXX, I concur with Love (1982) that western wheatgrass should be 
placed in a separate genus, Pascopyrum. 
Pascopyrum smithii is apparently the only strict allooctoploid in the 
Triticeae, and it probably arose by hybridization between Elymus lanceolatus, 
SSHH, and Leymus triticoides, ]]XX (Dewey, 1975a). Pascopyrum smithii 
combines the biological characteristics of its putative parents; it is a strongly 
rhizomatous, cross-pollinating, and long-anthered grass adapted to heavy and 
usually alkaline soils. Spikes of P. smithii usually contain a mixture of single 
spikelets (as in E. lanceolatus) and double spikelets (as in L. triticoides ). All 
P. smithii are 2n = 56; occasional reports of 2n = 28 probably come from in-
correctly identified E. lanceolatus plants. 
Strategy 1: Synthesize New Allooctoploid Taxa: Hybridization of any SSHH 
Elymus species with ]]XX Leymus species will result in an SHJX F 1 hybrid, 
which upon chromosome doubling will give rise to an SSHHJJXX octoploid 
that is genomically equivalent to P. smithii. One such amphiploid has been 
snythesized experimentally by doubling F 1 hybrids between Elymus canadensis 
(SSHH) X Leymus dasystachys (]]XX) (Dewey, 1975a). This amphiploid has 
no immediate value as a forage grass because it is less vigorous and less fertile 
than P. smithii, but that should not discourage cytogeneticists from producing 
other genomically similar amphiploids. 
Because an almost limitless number of different SSHHJJXX amphiploids 
are possible, breeders must be discriminating in choosing the parent taxa with 
the greatest potential of producing desirable amphiploids. At least initially, 
parents should be selected from among the E. lanceolatus and L. triticoides 
species complexes, which appear to be the immediate progenitors of P. smithii. 
Several putative SHJX hybrids between L. innovatus (]]XX) and E. trachycaulus 
(SSHH) and/or E. subsecundus (SSHH) occur in the Rocky Mountain region of 
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Alberta, Canada (Sadasivaiah and Weijer, 1981). Inasmuch as these hybrids are 
immediately available, it may be advisable to make amphiploids of them even 
though they do not come from the most promising parentage. 
ELYTRIGIA Desvaux 
Elytrigia sensu Tzvelev ( 197 6) is the most biologically diverse genus of 
the perennial Triticeae grasses . It includes all of the strongly rhizomatous 
Asian species previously in Agropyron, e.g. E. repens, E. intermedia, and E. 
pungens. Elytrigia also encompasses North American and Asian caespitose 
species of traditional Agropyron, e.g. E. spicata, E. libanotica, and E. nodosa. 
Elytrigia is genomically diverse, containing the E genome from E. elongata, 
the S genome from E. spicata et al., and the Ju genome from E. juncea as well 
as various combinations of those genomes. Because of its genomic heterogene-
ity, Elytrigia will probably be partitioned into several genera after the genomic 
rf:lationships are clarified. Love (1982) has already divided Elytrigia into three 
additional genera: Pseudoroegneria (S-genome taxa), Lophopyrum (E-genome 
taxa), and Thinopyrum (Ju-genome taxa). 
Elytrigia is a genus largely, if not exclusively, of the northern hemisphere. 
It contains about 50 species plus a substantial number of subspecies. Some of 
the species are littoral grasses, e.g. E. juncea, E. pungens, and E. elongata, 
whereas others are species of the arid Asian or North American interiors, e.g. 
E. intermedia, E. caespitosa, and E. spicata. Probably the best known species 
of Elytrigia is E. repens, guackgrass, which occurs naturally throughout much 
of Eurasia and has been introduced into most of the temperate regions of the 
world. 
Most species of Elytrigia are cross-pollinating and long-lived perennials. 
These are the grasses that have been used most extensively in crosses with 
cultivated wheat, Triticum aestivum. Elytrigia also contains many important 
forage grasses including E. intermedia (intermediate wheatgrass), E. pontica 
(tall wheatgrass), and E. spicata (bluebunch wheatgrass). 
Chromosome numbers of Elytrigia species range from 2n = 14 to 2n = 84 
(Table 2). In addition to three genomically distinct diploids or diploid com-
plexes, SS (£. spicata et al.), EE (E. elongata), and Juju (E. juncea), Elytrigia 
contains au top lo ids (E. spicata, E. stipif olia ), and many genomically complex 
segmental autoalloploids (£. repens, E. intermedia, E. pontica et al.). Because 
Elytrigia is so genomically complex and poorly understood, general breeding 
strategies cannot be developed for the genus as a whole. Instead, strategies must 
be developed for species or groups of species within the genus. Because so 
much is yet unknown about genome relationships in Elytrigia, only three 
breeding strategies are discussed. 
Strategy 1: Hybridize and lntrogress S-diploid Taxa: The S-genome diploids 
are among the world's most desirable and widely occurring range grasses, being 
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distributed from the Middle East (E. libanotica) and Transcaucasia (E. stipi-
folia) across Central Asia (E. ferganensis) and throughout Western North 
America (E. spicata ). The diploid species can be hybridized with relative ease, 
and their F 1 hybrids are frequently more vigorous than either parent (Dewey, 
1975b, 1981). Although the F 1 's are quite sterile, 0 to 40% stainable pollen, 
most can probably be backcrossed to both parents, resulting in new genetic 
combinations not previously found within the parent species. 
Hybridization and introgression among the S-genome diploids will un-
doubtedly enlarge the gene pool available to grass breeders working with S-
genome diploids; however, the specific benefits to be derived are uncertain. 
Increased vegetative vigor may result from certain crosses, but those bene-
ficial crosses cannot be predicted. Incorporating the grazing tolerance of 
E. libanotica into E. spicata would substantially improve E. spicata, which 
is already one of western North America's most important range grasses . Be-
cause of the economic importance of S-genome diploids, a major interspecific 
hybridization breeding program seems·warranted. 
Strategy 2: Induce S-genome Tetraploids from Diploid Taxa: Autotetraploids 
or near-autotetraploids of E. spicata (Dewey, 1967) and E. stipifolia (Dewey, 
197 Sb) already occur in nature, and they tend to be more productive than the 
diploids. Consequently, production of colchicine-induced autotetraploids from 
all S-genome diploids is a promising plant-breeding procedure. The primary 
limitation associated with this strategy, as with similar strategies in Agropyron 
and Psathyrostachys, is our inability to produce and identify a large number of 
induced tetraploids. 
A better strategy may be to induce segmental allotetraploids of the 
type S1 S1 S2 S2 from F 1 hybrids between different S-genome diploids. Because 
the F 1 hybrids produce nondehiscent anthers, it becomes a simple matter to 
locate C0 sectors in colchicine-treated hybrids by their dehiscent anthers. In-
duced segmental allotetraploids, S1 S1 S2 S2 , should be meiotically stable and 
regularly form 14 bivalents and only rarely form multivalents at metaphase I. 
Elytrigia tauri is an S-genome tetraploid that behaves cytologically as a seg-
mental alloploid that could have arisen by hybridization between two S-genome 
diploids, possibly E. libanotica and E. stipifolia. With the five different 
S-genome diploids now in our possession, we have the opportunity and capabil-
ity of producing ten different segmental allotetraploid species, although some 
of these may already be in existence in nature. 
Strategy 3: Hybridize S-genome Tetraploids with E. repens: Elytrigia repens, 
quackgrass, is a strongly rhizomatous Eurasian species that is now found in 
most temperate and subarctic regions of the world. Were it not for its aggres-
sive spreading habit, E. repens would be an excellent forage grass because it 
has many desirable traits including a wide ecological adaptation, long-lived 
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perenniality, high productivity, tolerance to heavy grazing, and suitable forage 
quality. Elytrigia repens is a highly variable, cross-pollinating hexaploid 
(Zn = 4Z), with two closely related genomes and a third genome distinctly 
different from the other two. It is represented genomically as S1 S1 S2 S2 XX, 
where S is the basic genome of E. spicata and related taxa and X is a genome 
of unknown origin (Dewey, 1976). 
Elytrigia spicata, bluebunch wheatgrass, is a densely caespitose species 
commonly found on rocky hillsides in western North America. In comparison 
to E. repens, E. spicata is less widely adapted, shorter lived, less productive, 
more sensitive to grazing, and has higher forage quality. Diploid (2n = 14) 
and tetraploid (2n = 28) chromosome races occur in E. spicata, which are 
represented genomically as SS and SSSS, respectively. 
In 196Z, crosses were made between one collection of E. repens 
(S 1 S1 S2 S2 XX) and one collection of E. spicata (SSSS) to give rise to five 
F1 hybrids (SSS 1 S2 X) (Dewey, 1967). The F 1 hybrids, which had 30 to 75% 
stainable pollen, were advanced by intercrossing and backcrossing through 
four or five sexual generations, by which time the population had regained 
much of its fertility and had become meiotically stable at Zn = 42 (Dewey, 
1976). Further selection from the F 5 -F 8 generations for vigor, fertility, and 
caespitose growth habit resulted in the release of two superior germplasms 
(Asay and Dewey, 1981). 
The essence of this wide hybridization breeding program has been to pro-
duce caespitose or mildly rhizomatous strains of E. repens with improved 
seed and forage qualities. This was made possible by exchange of genetic 
material between the S genomes of E. spicata and the S1 and S2 genomes of 
E. repens. Now that the success of this strategy has been demonstrated, further 
efforts must be made to expand the genetic base of the hybrid breeding popula-
tion, which traces back to a mere five F 1 hybrids . 
It should be noted that nineteen years elapsed between the original inter-
specific hybridization and a germplasm release. Another three to four years will 
be required before a cultivar can be released. Breeders who are interested in 
developing new hybrid populations of E. repens and E. spicata need not begin 
again with F 1 hybrids between the parent species. Instead, completely caespi-
tose 4Z-chromosome F 8 hybrids could be hybridized with a wide array of E. 
repens germ plasm. The F 8 X E. repens population should consist largely of 
fertile and meiotically stable hexaploids (Zn = 4Z) that segregate for the rhi-
zomatous vs. caespitose growth habit. A few additional cycles of selection 
should lead to stable populations of E. repens with few or no rhizomes. Such 
a program is now in progress at Logan. 
Hybrids between autotetraploid E. stipifolia (SSSS) and E. repens offer 
the same breeding opportunities that exist in E. spicata X E. repens hybrids. 
Hybrid populations of E. stipifolia X E. repens are being generated at Logan. 
When other S-genome tetraploid species are identified, they can likewise be 
entered into a wide-hybridization breeding program with E. repens. 
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CONCLUSIONS 
Wide hybridization and induced-polyploid breeding offer considerable 
potential for improving the perennial grasses of the Triticeae tribe. However, 
the breeder must carefully weigh the advantages and disadvantages of these 
more or less unproven and nonconventional approaches before committing 
time and resources to them. 
Conventional breeding programs for perennial grasses are inherently long-
term, requiring ten to fifteen years from their inception until a cultivar release 
can be expected. Wide hybridization and induced polyploidy add many years 
to the front end of a breeding program simply to generate the necessary hybrid 
and polyploid populations and to achieve acceptable fertility and cytological 
stability . Our program with Elytrigia repens X E. spicata hybrids required 
about twelve years to bring the population to the stage that it could be turned 
over to a grass breeder, who in turn required another ten years to develop a 
superior cultivar. This example is probably quite typical of the time required 
to develop cultivars in a wide-hybridization program. 
An understanding of the genomic relationships among species within and 
between genera is almost essential to the success of a wide-hybridization breed-
ing program. The new generic boundaries in the Triticeae grasses are important 
to plant breeders because those boundaries reflect genomic relationships 
(Dewey, 1983). As a rule, hybridization and introgression can be managed 
more easily within genera, i.e . among genomically equivalent species, than be-
tween genera. Unless there are overriding reasons for doing otherwise, the 
breeder should not breach generic boundaries until he has mastered the less 
difficult intrageneric wide-hybridization program. 
The use of induced polyploidy in a breeding program should be guided by 
the type of polyploidy and the optimum ploidy level prevalent in the genus. 
For example, autoploidy is common in Agropyron and tetraploidy seems to be 
the optimum ploidy level. Consequently, chromosome doubling of diploid taxa 
and hybridizing the induced tetraploids with natural tetraploids is a strategy 
compatible with the cytogenetic nature of Agropyron. Producing Agropyron 
autooctoploids is probably not a good strategy because octoploidy is unknown 
in Agropyron. A similar biological bias against octoploidy seems to occur in 
Elymus, so it would be unwise to develop a breeding effort in Elymus at the 
octoploid level. On the other hand, high polyploidy (2n = 56 to 84) is often 
associated with increased plant size in Leymus taxa, so the breeder may wish 
to emphasize high levels of ploidy in that genus . 
LITERATURE CITED 
Asay, K. H. and D. R. Dewey. 1976. Fertility of 17 colchicine-induced perennial Triticeae 
amphiploids through four generations. Crop . Sci. 16: 508-513. 
398 DEWEY 
----- and -----. 1979. Bridging ploidy differences in crested wheatgrass with hexa-
ploid X diploid hybrids. Crop Sci. 19 : 519-523. 
-----and----- . 1981. Registration of Agropyron repens X A. spicatum germplasms 
RS-1 and RS-2. Crop Sci. 21: 351. 
Bark worth, M. E. and R. J. Atkins. 1984. Leymus (Gramineae: Triticeae) in North America. 
Am . J. Bot. 71: (in press). 
Bor, N. L. 1970. Gramineae. Tribus VII. Triticeae, pp. 147-244. In : K. H. Rechinger (ed.). 
Flora Iranica. Akademische Druck-u . Verlanganstalt. Graz . 
Dewey, D. R. 1967. Synthetic hybrids of New World and Old World Agropyrons : III. 
Agropyron repens X tetraploid Agropyron spicatum. Am.]. Bot. 54: 93-98. 
-----. 1969. Hybrids between tetraploid and hexaploid crested wheatgrasses. Crop 
Sci. 9 : 787-91. 
- ----. 1970. Hybrids and induced amphiploids of Agropyron dasystachyum X Agropyron 
caninum. Bot. Gaz. 131: 342-348. 
-----. 1971. Synthetic hybrids of Hordeum bogdanii withElymuscanadensisandSitanion 
hystrix. Am. ]. Bot. 58: 902-908. 
-----. 1972a. The origin of Agropyron leptourum. Am.]. Bot. 59 : 836-842. 
-----. 1972b. Cytogenetics of tetraploid Elymus cinereus, E. triticoides, E. multicaulis, 
E. karataviensis and their F 1 hybrids. Bot. Gaz. 133: 51-5 7. 
-----. 1972c. Genome analysis of hybrids between diploid Elymus junceus and five 
tetraploid Elymus species . Bot. Gaz. 133 : 415-420. 
- ----. 1973. Hybrids between diploid and hexaploid crested wheatgrass. Crop Sci. 13: 
474-477. 
-----. 1974a. Reproduction in crested wheatgrass pentaploids. Crop Sci. 14: 867-872. 
-----. 1974b. Cytogenetics of Elymus sibiricus and its hybrids with Agropyron tauri, 
Elymus canadensis, and Agropyron caninum . Bot. Gaz. 135: 80-87. 
-----. 1975a. The origin of Agropyron smithii. Am.]. Bot. 62: 524-530. 
-----. 1975b. Genome relations of diploid Agropyron libanoticum with diploid and 
autotetraploid Agropyron stipifolium. Bot. Gaz. 136: 116-121. 
-----. 1976. Derivation of a new forage grass from Agropyron repens X Agropyron 
spicatum hybrids. Crop Sci. 16 : 175-180. 
-----. 1978. Advanced-generation hybrids between Elymus giganteus and E. angustus. 
Bot. Gaz. 139 : 369-376 . 
-----. 1981. Cytogenetics of Agropyron ferganense and its hybrids with six Agropyron, 
Sitanion, and Elymus species. Am.]. Bot. 68: 216-225. 
-----. 1982. Genomic and phylogenetic relationships among North American perennial 
Triticeae grasses, pp. 51-5 8. In: J. E. Estes (ed.). Grasses and Grasslands. Univ. of Okla. 
Press, Norman, OK. 
-----. 1983. Historical and current taxonomic perspectives of Agropyron, Elymus, and 
related genera. Crop Sci. 23 : 637-642. 
----- and K. H. Asay. 1975. The crested wheatgrasses of Iran. Crop Sci. 15: 844-849. 
- ---- and -----. 1982. Cytogenetic and taxonomic relationships among three diploid 
crested wheatgrasses . Crop Sci. 22: 645-650. 
- - - -- and C. Hsiao. 1983. A cytogenetic basis for transferring Russian wildrye from 
Elymus to Psathyrostachys. Crop Sci. 2 3: 12 3-126. 
----- and P. C. Pendse. 1968. Hybrids between Agropyron desertorum and induced-
tetraploid Agropyron cristatum. Crop Sci. 8 : 607-611. 
Humphries, C. ]. 1980. Gramineae . Genus 56. Psathyrostachys, p. 204. In: T. G. Tutin et al. 
(eds.). Flora Europaea. Vol. 5. Cambridge Univ. Press, Cambridge. 
BREEDING STRATEGIES FOR TRITICEAE 399 
Keng, Y. L. 1965. Tribus 7. Hordeae, pp. 340-451. Flora Illustrata Plantarum Primarum 
Sinicarum. Gramineae. Sci . Pub. Co., Peking. 
Love, A. 1982. Generic evolution of the wheatgrasses. Biol. Zbl. 101: 199-212. 
Melderis, A. 1980. Gramineae. Genus 49. Agropyron, pp. 198-200. In: T. G. Tutin et al. 
(eds.). Flora Europaea. Vol. 5. Cambridge Univ. Press, Cambridge. 
Nevski, S. A. 1934. Tribe XIV. Hordeae, pp. 469-578. In: V. L. Komarov (ed.). Flora of 
the U.S.S.R. Vol. II. Israel Program for Scientific Translations, Jerusalem. 
Sadasivaiah, R. D. and J. Weijer. 1981. Cytogenetics of some natural intergeneric hybrids 
between Elymus and Agropyron species. Can. J. Genet. Cytol. 23: 131-140. 
Schulz-Schaeffer, ]., P. W. Allderdice, and G. C. Creel. 1963. Segmental allopolyploidy in 
tetraploid and hexaploid Agropyron species of the crested wheatgrass complex (sec-
tion Agropyron). Crop Sci. 3: 525-5 30. 
Tai, W. and D. R . Dewey. 1966. Morphology, cytology, and fertility of diploid and colchi-
cine-induced tetraploid crested wheatgrass. Crop Sci. 6: 223-226. 
Tzvelev, N. N. 1976. Tribe 3. Triticeae, pp. 105-206. Poaceae URSS. Academia Scienti-
arum URSS, Leningrad. 

IOWA STATE JOURNAL OF RESEARCH I MAY, 1984 
Vol. 58 , No . 4 
PRODUCTION AND UTILIZATION OF 
TRIPLOID HYBRID ASPEN 
Dean W. Einspahr1 
401-409 
ABSTRACT. Triploid hybrid aspen we. e produced by crossing diploid Populus tremuloides 
Michx. with a tetraploid P. tremula L. of Swt iish origin. The triploid hybrids produced were 
evaluated for growth rate, wood properties, and pulping characteristics. The growth rate of 
the hybrids was approximately double that of native aspen, and the trees had higher wood 
density, longer fiber length, and improved pulp properties. Conversion plantings of seedling 
populations on low- to medium-quality northern hardwood sites are recommended. Rotation 
ages of 18 to 20 years seem feasible. 
Index Descriptors: Populus, hybrid growth rate, wood production. 
INTRODUCTION 
There is a long history of interest in polyploidy in forest tree improve-
ment. In his review of the subject, Wright (1976) discusses the advantages and 
problems associated with this approach. Most experience with polyploidy in 
gymnosperms has not been encouraging. As a group, gymnosperms have rel-
atively large chromosomes, rather similar karyotypes, and little variability in 
basic chromosome number (n = 11 or 12 being most common). Natural poly-
ploidy is rare in conifers, with only redwood (Sequoia sempervirens) (6n), 
juniper Uuniperus chinensis pfitzeriana) (4n), and golden larch (Pseudolarix 
amabilis) ( 4n) reported in the literature. Artificial tetraploids have been created 
in numerous gymnosperm species (pines, spruces, and larches), but they gen-
erally have been slow growing, dwarf plants of interest primarily for horticul-
tural purposes (Wright, 197 6 ). 
Polyploidy in the angiosperms appears to have greater promise, with 
natural polyploids having been reported in the genera Alnus, Betula, Fraxinus, 
Tilia, Acer, Magnolia, Marus, and Ulmus (Wright, 1976). Triploid quaking 
aspen (Populus tremuloides Michx.) and a very close relative, European aspen 
(P. tremula L.), have 57 chromosomes (n = 19). Triploid European aspen 
(P. tremula forma gigas) was first discovered in Sweden in 1934 by H . Nilsson-
Ehle (19 3 6) and described as trees of larger-than-normal size with large, dark-
green leaves. Chromosome counts by Muntzing (19 3 6) confirmed the first tree 
was triploid, and Johnsson (1940, 1955) eventually found and described nat-
ural triploids in about twenty areas in Sweden. The large size and apparent 
rapid growth attracted the attention of researchers at The Institute of Paper 
Chemistry, and this eventually led to a search in the United States, primarily 
in the Lake States Region, for triploid bigtooth aspen (P. grandidentata Michx.) 
1Senior Research Associate, The Institute of Paper Chemistry, Appleton, WI 54912. 
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and quaking aspen. The first North American triploid quaking aspen was dis-
covered in northeastern Minnesota in 19 5 5, and now there are twelve known 
clones in the Lake States Region (van Buijtenen et al., 1957; Einspahr et al., 
1963; and Einspahr and Winton , 1976). More recently, Every and Wiens (1971) 
described triploid quaking aspen growing in Utah. No naturally occurring 
triploid bigtooth aspen have been reported. 
The discovery of a number of good-quality, rapid-growing diploid and 
triploid aspen clones resulted in the establishment of an aspen tree improve-
ment program in 19 5 5. The objective of the program was to use the techniques 
of selection, hybridization, and polyploidy to produce rapid-growing trees 
with improved wood properties. Many of the early ideas were those of Philip 
Joranson and were implemented by the author and other researchers, including 
J. P. van Buijtenen and Lawson Winton. The report that follows describes the 
development of the triploid hybrid aspens that have been released for use by 
the paper industry. 
METHODS 
The triploid hybrid aspen presently being released for fiber and solid 
wood products are hybrids produced by crossing highly selected diploid (2n) 
female P. tremuloides with a single tetraploid ( 4n) P. tremula male tree growing 
in southern Sweden. This cross was first made in 1958 and since has been 
repeated a number of times using eight to ten different female trees each time. 
Chromosome counts made on several occasions using randomly selected seed-
lings from full-sib crosses confirmed that approximately 90% of the hybrids 
were triploids. At present, the reciprocal of the above cross is being made 
using selected diploid P. tremula females obtained from cooperators in Europe 
and two tetraploid P. tremuloides male trees developed at the Institute using an 
unreduced pollen technique (Winton and Einspahr, 1970; Harder et al., 1976). 
Early growth of these new triploid hybrids looks promising, but they have 
undergone only very limited evaluation. 
Full-sib crosses are made in the greenhouse during March and April using 
a cut-branch technique widely used in Europe (Wettstein, 193 3). This proce-
dure involves forcing male and female flower buds in the greenhouse and either 
hand pollinating or using the air pollination procedure (Wyckoff, 1980). Rel-
atively little greenhouse space is required to produce 30,000 to 50,000 seeds 
from a single full-sib cross (Figure 1 ). The most serious problem with the use 
of this technique is the considerable damage that occurs to the parent tree 
aboretums when large numbers of branches must be removed to produce the 
required amounts of seed. Triploid hybrid seed production can be limited by 
poor flowering in certain years. 
Hybrid aspen seedlings can be grown either as container stock or produced 
in nursery seedbeds that have been fumigated and equipped with a modified 
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Figure 1. Pollination of quaking aspen female catkins usmg a small brush . 
Figure 2. Triploid hybrid aspen nursery, first year seedbeds in August. 
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irrigation system to keep the beds wet the first ten days after seeding (Benson 
and Dubey, 1972). Figure 2 illustrates nursery production of triploid hybrid 
aspen. 
RESULTS 
Growth of triploid hybrid aspen has been evaluated in four replicated 
field plantings and in a number of demonstration plantings. The most feasible 
establishment procedure for both fiber and solid wood products involves plant-
ing at fairly wide spacings, growing the trees for 18 to 20 years, and harvesting 
and managing the rapid growing sucker stands that result. Growth rate varies 
with site and depends in part on whether measurements are made on the 
original plantation or the resulting sucker stand . Our best estimate of the 
growth advantage of triploid hybrid aspen is illustrated in Table 1 (Einspahr 
and Wyckoff, 1978). Currently, triploid hybrid plantations will produce 
200-250 ft 3 /acre/year (14-17.5 m 3 /ha/year) when grown on upland soils in 
northern Wisconsin using 20-year rotations. Good-quality native aspen growing 
on these same sites can be expected to produce no more than 100-110 ft 3 /acre/ 
year (7-7. 7 m 3 /ha/year). Sucker stands that develop after harvesting will out-
grow the original plantations for the first 15 years (total cubic foot produc-
tion); but during years 15 to 20 , sucker stand growth slows down, natural 
thinning occurs, arid it now appears that total per acre volumes of sucker stands 
will be very similar to the volume obtained from the original plantations. Fig-
ure 3 illustrates a 20-year-old triploid hybrid aspen plantation growing in 
northern Wisconsin on Vilas fine sand. 
Wood properties are nearly as important as growth rate when evaluating 
the usefulness of genetically improved trees. Measurements made on early 
triploid discoveries indicated that the triploid cell size was larger than compar-
able diploid material (Muntzing, 1936). Because of the importance of fiber 
length to paper properties, early wood property measurements included fiber 
length. These measurements confirmed, first in naturally occurring triploids 
(van Buijtenen et al., 1957) and later in triploid hybrids (Einspahr et al., 
1968), a 25-30% fiber length superiority of triploids. Pulping studies utilizing 
10- and 15-year old hybrid aspen demonstrated that trip lo id hybrids also had 
higher wood specific gravity. The longer fiber length and higher specific gravity 
resulted in improved tearing and bursting strength and comparable tensile 
strength (Einspahr et al., 1970 ; and Einspahr and Wyckoff, 1975). Table 2 
illustrates the superiority of the triploid hybrids for these properties. 
Another important problem associated with the utilization of hybrid 
aspen involves how best to establish the new plantations. Early field plantings 
demonstrated the sensitivity of aspen and aspen hybrids to vegetative competi-
tion and to most herbicides used in conifer plantation establishment. Therefore, 
most early successful old-field plantings employed mechanical weed control. 
Table 1. Growth of triploid hybrid aspen as compared to triploid and diploid native aspen (Einspahr and Wyckoff, 1978). 
Plantation, age 15 Volume growth (m 3 ha- 1 yr- 1 ) 
Type of material No. sources Avg. height Avg. dbh. Plantation Sucker stand 
(m) (cm) (age 15) (age 10) 
Triploid hybrid 2 16.4 15.8 13.4 12.6 
progeny 
Triploid clones 2 14.5 13.3 7.4 7.0 





Table 2. Comparison of wood and kraft pulping properties of triploid hybrid aspen (Einspahr and Wyckoff, 1975). 
Wood Pulp Screened 
specific fiber pulp 
gravity length yield Handsheet propertiesa 
Type of material (glee) (mm) (%) Tear Burst Tensile 
Mature native aspen 0.349 0.91 52.6 75 .7 51.5 10.3 
15-year old native aspen 0.350 0.79 52 .1 73 .0 48 .0 9.9 
10-year-old trip lo id 0.420 0.94 53 .5 88.0 55.7 10.1 
hybrid aspen 
15-year-old triploid 0.401 1.00 51.2 96.0 58.0 10.4 
hybrid aspen 
aMeasurements at 750-mL Schopper-Riegler freeness. Tear and burst are TAPPI factors; tensile is breaking length in km. 
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Figure 3. Twenty-year-old trip lo id hybrid aspen growing in northern Wisconsin 
on Vilas fine sand. 
Figure 4. A successful eight-year-old conversion planting on Consolidated 
Paper Company lands in northern Wisconsin. 
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Limited availability of old-field sites resulted in attempts to convert low-
quality hardwood stands to hybrid aspen. As a result, a "conversion" planting 
procedure was developed that involved harvesting all hardwood on the area 
and then planting 400 to 5 00 aspen trees per acre the first spring after harvest. 
Grasses and most annuals were slow to develop, and the hybrids were able to 
compete with the northern hardwood stump sprouts. Figure 4 illustrates a 
successful 8-year-old ~onsolidated Paper Company conversion planting. 
SUMMARY 
Discovery and evaluation of triploid aspen in 19 5 5 resulted in the initia-
tion of research on methods to mass produce triploid hybrids. Triploid hybrid 
aspen were produced in numbers for the first time in 1958 by crossing female 
diploid (2n) P. tremuloides with a male tetraploid ( 4n) P. tremula. Growth 
measurements on plantations and sucker stands, made over the last 15 to 20 
years, indicate that the better triploid hybrid crosses grow approximately 
twice as fast as native aspen. Studies on establishment and management of 
hybrid aspen suggest the best and least costly way to establish triploid aspen is 
by "conversion" planting of seedling populations into low-to-medium quality 
hardwood sites. 
Wood and pulp quality evaluation demonstrated the superiority of trip-
loid hybrid wood and fiber and the potential usefulness of wood for pulp 
production from trees as young as ten years. Growth rate evaluations suggest 
rotations of 18 to 20 years are feasible for both the original plantations and the 
sucker stands that result after the first harvest. 
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ABSTRACT. Different kinds of polyploids are defined and characterized by their genome 
formulas. It is emphasized that natural polyploids range in genome composition from true 
autopolyploids to true allopolyploids. The origin and evolution of polyploids is discussed, 
and special attention is paid to the role of numerically unreduced or Zn gametes. 
Methods of inducing autopolyploidy are mentioned along with the requirements that 
diploid crops should meet in order to obtain useful results from somatic doubling. Methods 
of resynthesizing existing allopolyploid crops or synthesizing new ones are evaluated and the 
main requirements for success discussed. It is emphasized that genetically broad initial 
material is indispensable both for induction of autopolyploids and for (re)synthesis of 
allopolyploids that are to be useful for breeding. 
Some characteristic features relevant to the breeding of autopolyploids are described 
with emphasis on the effects of di-allelism and multi-allelism on inbreeding depression and 
heterosis. Also some particular characteristics of allopolyploids are treated, and some uncon-
ventional breeding approaches are briefly discussed. 
Index Descriptors: polyploidy , evolution , breeding, somatic doubling, Zn gametes, 
multi-allelism, heterosis , and inbreeding depression. 
INTRODUCTION 
Polyploids are plants combining three or more basic genomes. Plants have 
a characteristic genome composition that can be described conveniently by gen-
ome formulas. The most general formula is: 
2n = p Ax A + Ps xB + ..... 
where 2n = the somatic number of chromosomes, 
=the basic genomes of ancestral species A, B, ... , and 
pA,pB = the frequency of each basic genome. 
Kihara and Ono (1926) introduced the terms auto- and allopolyploids. 
They state that doubling of the same chromosome set leads to autoploids, 
whereas allopolyploidy is the result of interspecific hybridization followed by 
chromosome doubling. As will be explained below, these definitions are too 
simple a description of what really occurs in nature and in plant breeding. 
True autopolyploids trace back to one diploid species or to different 
species or ecotypes carrying homologous chromosomes. Their general genome 
1 Department of Plant Breeding, Agricultural University, Wageningen, The Netherlands. 
412 HERMSEN 
formula is simply 2n = px, there being only one type of basic genome consist-
ing of x different chromosomes, and each chromosome at a frequency of p, the 
ploidy level (p is a whole number~ 3 ). As the chromosomes each are represented 
by three or more homologous copies, each gene is represented by three or more 
alleles. These alleles may be equal (homozygosity or mono-allelism) or different 
(heterozygosity: di-allelic, tri-allelic, . . . . , multi-allelic). Some examples of 
natural autopolyploids with their genome formulas are banana (Musa sapien-
tum) cv. Gros Michel (2n = 3x = 33), orchardgrass (Dactylis glomerata) (2n = 
4x = 28), alfalfa (Medicago sativa) (2n = 4x = 32), potato (Solanum tuberosum) 
(2n = 4x = 48), timothy grass (Phleum pratense) (2n = 6x = 42), and crested 
wheatgrass (Agropyron cristatum) (2n = 4x or 6x = 28 or 42). Artificial auto-
polyploids have been bred successfully from diploid clovers, grasses, beets, and 
ornamentals. 
True allopolyploids trace back to two or more related diploid species, 
the chromosomes of one species being non-homologous or homoeologous with 
the chromosomes of the other progenitor species. Each ancestral genome is 
represented twice in allopolyploids . So the general genome formula of allo-
polyploids is 2n = 2xA + 2x
8 
+ ... (c.f., diploids 2n = 2x). Only homologous 
chromosomes pair at meiosis, forming bivalents, whereas homoeologous chro-
mosomes from different ancestors do not pair owing either to lack of homol-
ogy or to the action of genes preventing "homoeologous" pairing. Therefore, 
allopolyploids are functional diploids, but the inheritance of most characters 
may be more complicated than in diploids depending on the degree of the 
relationship between the ancestral species. Allopolyploids are rather frequent 
among wild species. Several important crops are allopolyploids, e.g., wheat 
(Triticum aestivum), oats (Avena sativa), and tall fescue (Festuca elatior) 
(2n = 2xA + 2x8 + 2xc = 42) , tobacco (Nicotiana tabacum) (2n = 2x5 + 2xT)' 
cotton (Gossypium hirsutum) (2n = 2xA + 2xD = 52) and rape-seed (Brassica 
campestris) (2n = 2xA + 2xc = 38). Mention should be made of some potential 
new crops, synthesized from existing ones: Triticale (wheat and rye), Festu-
lolium (fescue and ryegrass), Raphanobrassica and Brassicoraphanus (from 
subspecies of Raphanus sativus and either Brassica oleracea or Brassica campes-
tris ). 
It should be emphasized that most natural polyploids are not truly auto-
or alloploid but range in genome constitution from true autoploids to true 
alloploids. This situation has been described by the term segment-allopoly-
ploidy (Stebbins, 19 50), which may occur to different degrees in part of or 
even in all chromosomes of a polyploid. In terms of chromosome pairing, this 
means that in alloploids, apart from preferential pairing between homologous 
chromosomes, also some degree of homoeologous pairing may occur. Further-
more, in autoploids pairing between homologous chromosomes may not be 
fully random but slightly preferential, indicating some degree of homoeology. 
In terms of the genetics of qualitative characters, this situation implies the 
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occurrence of disomic, tetrasomic, and intermediate ratios for different char-
acters in progenies from the same plant. Similarly, it is conceivable that genes 
controlling a polygenic trait follow different inheritance patterns such that 
neither disomic nor tetrasomic quantitative genetic models fit the real sit-
utation, apart from other deviations from reality that are inherent in such 
models. 
ORIGIN AND EVOLUTION OF POLYPLOIDS 
Polyploidy is common in many genera, and many species comprise diploid 
as well as polyploid plant types . Polyploidy was long believed to originate in 
nature mainly from spontaneous somatic doubling of the chromosome number 
in zygotes or meristems in response to stress conditions . One well documented 
case (Newton and Pellew, 1929) of natural somatic doubling is the origin of 
Primula kewensis . However, spontaneous somatic doubling in nature will rarely 
produce plants that can survive competition with their diploid counterparts 
owing to decreased fitness. On the other hand, polyploidy through the produc-
tion and sexual functioning of restitution (or 2n) gametes is the most common 
and widespread mode of natural polyploidization. It may occur in every species 
or ecotype after selfing and after intraspecific, interspecific, and intergeneric 
hybridization. Its importance in the origin and evolution of polyploids has been 
amply discussed by Harlan and de Wet (1975), Skiebe (1975), and Den Nijs 
and Peloquin (1977a, 1977b). Harlan and de Wet (1975) think of the origin as 
a two-step process : (1) AA x BB -+ AAB and (2) AAB x BB-+ AABB, the 
underlined parent producing the 2n gametes . The origin of polyploids from 
diploids is more complicated than would appear from Harlan and de Wet 
(1975) even when typical interspecific and intergeneric barriers are left out of 
consideration. The factors that may affect seed set and the resulting ploidy 
levels in the offspring are of special interest to plant breeders and will be dis-
cussed in the paper on sexual polyploidization along with different mechanisms 
of 2n gamete formation and their potentials for breeding polyploid crops. 
Equally important as the frequency of their origin is the chance of survival 
or the competitive ability of new polyploid embyros and plants. Here again 2n 
gametes and their mode of origin enter the picture. In nature few polyploids 
survive beyond one generation. They must compete for the habitat of their 
diploid parents or colonize new habitats. Most newly produced polyploids, 
both auto- and alloploids, are less fertile than their diploid parents. However, 
2n gametes are continuously produced and thus bring about a continuous 
production of new polyploids. Furthermore, if 2n gametes are involved that 
have originated from first division restitution (FDR, explanation later), the new 
polyploids may be even more vigorous than diploids. Perennial polyploids have 
a competitive advantage over annuals, because they have several generations to 
produce new gene combinations with increased fitness. Many annual polyploids, 
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however, have been equally successful. Spontaneous hybridization with the 
diploid parents or related species occurs in nature and increases the variability 
of the polyploids. In this hybridization process, 2n gametes may contribute in 
different ways to the success of polyploids: 2n eggs of triploids (2n = 3x) may 
fuse with reduced sperm cells of diploids or reduced egg cells of tetraploids 
may fuse with 2n gametes of diploids, both processes giving rise to new tetra-
ploids. These tetraploids, if FDR-2n gametes are involved, may be highly 
vigorous, adaptive and fertile (Den Nijs and Peloquin, 1977b). 
ARTIFICIAL INDUCTION OF AUTO- AND ALLOPOLYPLOIDY 
Breeders used to apply colchicine and presently also use in vitro explant 
culture (Jacobsen, 1977) for inducing somatic doubling of chromosome num-
bers. Somatic doubling may be induced for several reasons: 
1. To obtain artificial autopolyploids from diploid crops; 
2. To resynthesize existing allopolyploid crops from their diploid ances-
tral species and to synthesize new allopolyploid crops from existing 
crops; 
3. To produce allopolyploids for use as fertile bridges for gene transfer 
into varieties; 
4. To improve crossability between parents with different ploidy levels 
by equalizing their functional ploidy. 
The subjects 1 and 2 will be discussed in this paper; 3 and 4 will be dis-
cussed in my paper on the use of wild species in this issue, pp. 461-474. 
Artificial induction of autotetraploidy in diploid crops 
The prerequisites for successful somatic doubling of diploid crops were 
first proposed by Levan (194 5 ). They are: (a) a sub-optimal number of small 
chromosomes, (b) outbreeding as the chief mating system, and (c) cultivation 
primarily for vegetative parts or flowers. Also perennial growth habit and 
vegetative reproduction may contribute to the success of somatic doubling of 
diploids. These conditions are logical, because somatic doubling leads to larger 
plant cells and organs and reduces fertility . As a matter of course, a genetically 
broad starting material is a basic requirement for success, because breeding 
mostly begins after doubling. 
It is interesting to note that the natural autopolyploids predominantly 
meet the requirements mentioned by Levan (1945). The same holds true for 
the rather successful artificial autopolyploids, which still are few in number, 
e.g., some grasses and clovers, beet, watermelon, and ornamentals. On the other 
hand, extensive long-term experiments with doubled diploid seed crops like 
POLYPLOIDS 415 
barley (Hordeum vulgare), maize (Zea mays), sorghum (Sorghum bicolor), and 
rye (Secale cereale) have hardly been successful. This holds true also for the 
efforts to improve sufficiently the fertility of artificial autotetraploids by 
mutagenic treatments aimed at inducing some degree of preferential pairing 
or allopolyploidization (Gaul and Friedt, 1975; Doyle, 1979; and Sybenga, 
197 3 ). 
More promising than somatic doubling is the search for diploid plants 
producing 2n FDR-gametes either male, female, or both. Such diploids can be 
used in crosses with already available autotetraploids (unilateral sexual poly-
ploidization) or in diploid x diploid matings (bilateral sexual polyploidization). 
This approach is near to practical application in potato and alfalfa and will be 
discussed in a separate paper in this issue, pp. 43 5-448. 
(Re)synthesis of allopolyploids 
Nature has been successful in synthesizing allopolyploids for a large num-
ber of crops and numerous wild species that are allopolyploids. MacKey (1970) 
demonstrated that most natural allopolyploids have originated by incorpor-
ation of genomes from autogamous and allogamous ancestral species into an 
amphiploid. In the resulting alloploids, autogamy is generally retained. Breeders 
have not been very successful in producing important crop plants through 
induced allopolyploidy. It may seriously be questioned whether the main re-
quirements for successful (re)synthesis have always been taken into account: 
First, the right forms of the parental species have to be chosen in terms 
of crossability, degree of relationship and breeding aims. 
Second, the genetic variation in the initial material should be adequate for 
preselecting superior genotypes carrying genes for desirable simply inherited 
characters and sufficient variability for polygenic traits. This is a must for 
newly synthesized crops like Triticale, and it is desirable for resynthesized 
crops like Brassica napus, because raw allopolyploids have to be improved 
further to reach the varietal level. 
Third, (re)synthesis should be carried out on a large scale using the right 
method of synthesis in order to obtain sufficient variation among the raw allo-
polyploids. Basically there are two different methods: (1) intercross the diploid 
parental species and double the F 1 hybrids, and (2) double the diploid parental 
species and intercross the autotetraploids . In choosing method 1 or 2 the 
following factors are relevant . Crossability between parental species is often 
more difficult at the autotetraploid level due to decreased fertility . A second 
factor is that doubling as a rule is only partly successful and plants may be 
lost during the doubling procedure. This is no problem with method 2, where 
many seeds of the parents are available, but it may be troublesome with method 
1 because the amount of F 1 seeds usually is limited. A third aspect is meiotic 
instability in the autopolyploids with method 2, which may lead to more 
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aneuploid allopolyploids than with method 1. The most important implication 
is a genetic one: method 1 invariably leads to completely homozygous allo-
polyploids, whereas with method 2, an appreciable amount of heterozygosity 
of the parental species is still present in the raw allopolyploids. This means a 
greater potential for further improvement. 
When species are available with the ability to produce 2n FDR-gametes, it 
is to be preferred to make use of this character like nature does. A promising 
approach would be to cross doubled superior plants of an autogamous species 
with superior FDR-diploids of anallogamousspeciesfollowed by further breeding. 
ASPECTS OF BREEDING AUTO POL YPLOID CROPS 
All known autopolyploid crops are outbreeders. They are rather intolerant 
of homozygosity and consequently need much heterozygosity for maximum 
performance. Another common feature is polysomic inheritance with the 
potential of random chromatid assortment in different degrees , the coefficient 
a: varying from 0 to 1/7. Therefore , large populations are needed for selection 
and breeding. Producing homozygous lines by conventional means is not at all 
feasible. 
Breeding of autopolyploids is also hampered by the widespread occur-
rence of aneuploidy, mainly in recent polyploids . This may strongly affect 
not only seed fertility but also the yield of vegetative parts (Simon, 1966). 
Selection for euploidy does not eliminate aneuploidy . Normally a balanced 
percentage of aneuploids develops, which may shift along with changes in the 
environment (Maizonnier and Picard , 1970). 
Owing to their polysomy, autopolyploids have the potential to develop 
optimal dosages of favorable alleles (nulliplex , simplex, duplex, triplex, quad-
ruplex) and to evolve multiple allelic series for many loci. Thus, during their 
evolution natural old autopolyploids have achieved a precise genetic balance 
for quantitative and qualitative characters in terms of allelic interaction and of 
dosage relationships and have developed mechanisms to exploit types of heter-
otic interactions not possible in disomic inheritance (MacKey, 1970; Bingham, 
1980). 
On the other hand , the overall average number of alleles per locus is 
restricted in recently developed autopolyploids. The frequency of diallelic 
duplex, simplex, and triplex loci then is relatively large. This may lead to 
phenotypically stable, uniform autopolyploid populations. This characteristic 
has been exploited in breeding autotetraploid freesia and other flower crops 
from diploids. When compared to their diploid counterparts, autotetraploid 
populations are uniform to such an extent that seed propagation may replace 
the conventional clonal propagation (Sparnaaij, 1979) . 
In diploids and allopolyploids and in raw autotetraploids that are obtained 
directly from heterozygous diploids through somatic doubling, the maximum 
POLYPLOIDS 417 
number of alleles per locus is two. This implies only one type of heterozygous 
allelic interaction. In autotetraploids tetra-allelism ( = four alleles per locus) 
represents the maximum level of heterozygosity at a locus. This implies eleven 
possible hetero-allelic interactions, six of them being interactions between 
pairs of alleles (so-called first-order interactions). 
Extensive theoretical and experimental research on heterosis and inbreed-
ing depression in natural as well as in induced autopolyploids has been carried 
out, especially since the early 1960s (Demarly, 1963; Dudley, 1964; Busbice and 
Wilsie, 1966; Lundqvist, 1966; Berninger, 1967; Gallais, 1967a, 1967b; 
Dewey, 1966, 1969; Dunbier and Bingham, 1975; and Mendoza and Haynes, 
197 3, 197 4 ). It has been well established that upon inbreeding, heterozygosity 
decreases much slower in autopolyploids than in functional diploids, the rate 
of decrease being (5 - 2 ex) /6 and 1/2, respectively, per generation of selfing. 
Consequently, inbreeding depression should be less in autopolyploids than in 
functional diploids. It has been demonstrated that in artificial autopolyploids 
with mainly diallelic heterozygous loci, inbreeding depression is indeed directly 
related to the standard coefficient of inbreeding (Lundquist, 1966; and Rice 
and Dudley, 1974). However, in natural autopolyploids, it was found to be 
significantly larger and similar to the expected rate at which first-order inter-
actions were lost from tri- and tetra-allelic loci (Busbice and Wilsie, 1966; 
Dewey, 1966, 1969; and Mendoza and Haynes, 1973, 1974). It was apparent 
from these investigations that multiple allelic interactions are predominant in 
natural autopolyploids. 
This conclusion is corroborated by the results of experiments on heterosis 
in lucerne, crested wheatgrass, and potato on the one hand and induced auto-
tetraploid rye and maize on the other by the aforementioned authors. They 
found the ranking in performance to be correlated with the increase in fre-
quency of tetra-allelic loci. This suggests that heterosis is maximized by max-
imum heterozygosity. Dunbier and Bingham (1975) and Bingham (1980), in his 
excellent review on this topic, demonstrated with alfalfa that not only the 
diversity of parental genotypes but also the mating system of the selected 
parents (single cross, double cross, synthetic variety at equilibrium) to develop 
varieties are of prime importance for successful breeding of autopolyploid 
crops. The authors concluded that double cross varieties capitalize on potential 
maximum heterozygosity, but synthetic varieties usually do not because the 
peak frequency of tri- and tetra-allelic loci has passed when equilibrium is 
approached . However, the production of double cross seed in seed-propagated 
autotetraploid fodder crops is not yet economically feasible. 
A potentially powerful method to maximize heterozygosity and to keep 
sufficient uniformity would be the use of diploids that produce 2n gametes 
through FDR. The method is particularly useful in the asexually reproduced 
potato. In alfalfa, it might become feasible, once diploid genotypes are 
available that combine excellent agronomic characteristics with a stable 
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high-frequency production of FDR-gametes, thus enabling an efficient pro-
duction of high-standard F 1 seed from tetraploid x diploid crosses. 
ASPECTS OF BREEDING ALLOPOL YPLOID CROPS 
Allopolyploids are predominantly autogamous, basically homozygous, 
and functionally diploid. They differ from true diploids in having two or more 
divergent but related genomes. So they may have a built-in hybridity among 
loci with similar function in the genomes. With their disomic inheritance and 
fixed "heterozygosity," they have the potential of benefitting from both self-
and cross-fertilization systems. 
Preferential pairing of homologous chromosomes (bivalents) is most 
characteristic of true allopolyploids . Homoeologous chromosomes do not pair 
as a consequence of either structural differentiation or the functioning of 
pairing regulating genes. Pairing regulation has been most profoundly investi-
gated in wheat (Review: Sears, 1976). 
As mentioned before, there is homozygosity in the genome set from each 
ancestral species, but similar loci from different ancestral species may be 
"heterozygous." This fixed heterozygosity may result in fixed heterosis. How-
ever, various other interactions are known to occur, for example, complemen-
tary interaction, mutual weakening, and cumulative polymerism. These phe-
nomena cause the so-called "damping effect" of allopolyploidy. This may 
complicate genetic research, obscure phenotypic classes, and thus hamper the 
selection of desirable genotypes. 
Apart from conventional breeding of allopolyploids, a number of uncon-
ventional approaches are being investigated. The idea of crop improvement 
through manipulating separate chromosomes by means of chromosome sub-
stitutions in existing varieties dates back to the 19 50s. E. R. Sears was the first 
to produce series of auto-substitution lines with Triticum aestivum L. "Chinese 
Spring" as receptor. Unrau (19 5 8 ), using Sears ' material , proposed methods for 
their application in breeding. 
Chromosome engineering received a new impetus in the 1960s by the 
work of Law and associates (1966 ), who also organized international cooper-
ation in the European Wheat Aneuploid Cooperative. This cooperation was 
aimed at producing sets of reciprocal substitution lines of some leading var-
ieties from all over Europe in order to evaluate separate chromosomes for their 
contribution to qualitative and quantitative characters and to improve varieties 
by chromosome engineering. 
Another approach, isolation and improvement of component genomes of 
allopolyploids followed by resynthesis , was initiated with wheat by Kerber 
(1964) and continued by Siddiqui ( 1972) . Although this laborious approach 
has never reached practical application in wheat breeding, it has clearly dem-
onstrated the tremendous change of component genomes during the evolution 
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after having been incorporated into an allopolyploid. Earlier genetic research 
in cotton and tobacco by Gerstel and Phillips (19 5 8) had already shown clear 
differences between the genomes in these allotetraploids and the correspond-
ing genomes of their diploid ancestors . 
The two approaches have been mentioned here in order to explain the im-
balance in raw allopolyploids, the genomes of which have not yet been fully 
adapted in the same individual. Raw allopolyploids can only serve as initial 
material for breeding new crops and as intruments to improve existing allo-
polyploid crops by a general broadening of the genetic base of breeding or to 
transfer desirable genes from wild species into cultivars. 
Among the non-conventional approaches to breeding allopolyploid crops, 
the doubled-haploid (DH) technique should be mentioned. This will be further 
explained and evaluated in the concurrent papers on haploidy. Suffice it to 
state that the results obtained so far justify the conclusion that this technique 
is promising for future breeding of diploids as well as of allopolyploids. 
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ABSTRACT. Gametes with the unreduced number (= 2n) of chromosomes may originate 
from different abnormal events during meiosis or arise in apomeiotic somatic cells of the 
ovule (apospory) . Meiotic nuclear restitution leading to 2n-gametes may be associated with 
fused or parallel second metaphase spindles (First Division Restitution , FDR) or with 
incomplete second meiotic division (Second Division Restitution , SDR). Its association with 
failing or reduced homologous pairing leads to 2n-gametes which are genetically equivalent 
to FDR. The basic differences between FDR and SDR are described and explained. Several 
mechanisms of 2n-gamete formation occurring in association with failing or reduced homol-
ogous pairing, as they occur in megaspore mother cells of apomictic species and in spore 
mother cells of synaptic mutants, interspecific hybrids, amphimonoploids , and anortho-
ploids, are described and discussed . 
Different mechanisms of 2n-gamete production are compared as to their genetic 
implications. Data about genetic control of processes leading to 2n-gametes are presented 
along with a discussion on the effects of environmental factors on occurrence and frequency 
of 2n-gametes. 
Index Descriptors : nuclear restitution , 2n-gametes, dyads, apomixis, synaptic mutants, 
premeiotic doubling, autobivalents, fused spindles, endomitosis, and apospory. 
INTRODUCTION 
Meiosis is an integrated system cons1stmg of an orderly sequence of 
events. During the first or heterotypic division, homologous chromosomes pair 
and exchange genes, then disjoin to form two groups of n chromosomes (=re-
duction 2n -+ n). During the second or homotypic division, the chromosomes 
of each group divide equationally and the sister chromatids move to opposite 
poles, which results in four groups of n chromosomes. The divisions are com-
pleted by cytokinesis, the formation of a reductional cell wall and two equa-
tional cell walls. In the pollen mother cell, cytokinesis may be simultaneous or 
successive and the haploid microspores are arranged in a tetraeder. In the 
embryosac mother cell, cytokinesis is successive (reduction cell wall first), and 
the arrangement of the haploid megaspores as a rule is linear. The products of 
normal meiosis are reduced spores or n-spores, which develop n-gametes. 
Gametes with the unreduced number of chromosomes (= 2n) may origin-
ate from different abnormal events during meiosis or arise in apomeiotic 
somatic cells of the ovule (apospory). Also pre- and post-meiotic doubling may 
give rise to 2n-gametes. 
The first example of 2n-gametes was reported by Gates (1909) in an 
interspecific Oenothera hybrid. Rosenberg (1927) was the first to describe 
1 Department of Plant Breeding, Agricultural University, Wageningen, The Netherlands. 
422 HERMSEN 
meiotic nuclear restitution leading to 2n-gametes. Meiotic nuclear restitution 
is associated either with an incomplete first meiotic division ( = First Division 
Restitution or FDR) or with an incomplete second meiotic division(= Second 
Division Restitution or SDR). Its association with failing or reduced homol-
ogous pairing is genetically equivalent with FDR. Although in all cases dyads 
are formed consisting of two 2n-spores, FDR and SDR are basically different 
in cytology and in genetic consequences (Mendiburu and Peloquin, 1979; 
and Ramanna, 1979). This is obvious, because FDR 2n-gametes comprise the 
non-sister chromatids of each homologous pair of chromosomes whereas in 
SDR 2n-gametes the sister chromatids are included. 
The following discussion on 2n-gamete formation will focus on abnormal 
events during meiosis in spore mother cells. As indicated already, the main 
distinction to be made is between FDR and SDR, where homologous pairing, 
gene recombination, and reduction during first meiotic division proceed in the 
normal way. Apart from FDR and SDR, a number of different processes of 2n-
gamete formation have been reported (Ramanna, 1979) where homologous 
pairing is mainly restricted to first prophase stages of meiosis with predom-
inantly univalents at diakinesis and metaphase I, or where homologous pairing 
is completely absent . These processes and their genetic implications will also be 
discussed. 
FDR AND SDR 
Cytogenetic investigations on FDR and SDR have been carried out by 
many researchers , mainly in potato (S olanum tuberosum) (Mendiburu, 1971; 
Ramanna, 1974, 1979; Mok and Peloquin, 1975a, 1975b; Mendiburu and 
Peloquin, 1977a, 1977b; Jacobsen, 1976, 1980; Iwanaga, 1980; and Veilleux et 
al., 1982), but also in alfalfa (Medicago sativa) (Vorsa and Bingham, 1979; and 
McCoy, 1982), in Datura (Satina and Blakeslee, 1935), and also in maize (Zea 
mays) (Rhoades and Dempsey, 1966; and Nel, 1975). The mechanisms underlying 
2n-megasporogenesis and leading to 2n-eggs are much more difficult to analyze 
than those underlying 2n-microsporogenesis and leading to 2n-pollen. 
Figures 1, 2, and 3 illustrate the processes FDR and SDR and their genetic 
implications in a diploid. Fig. 1 shows in a highly simplified way normal 
meiosis, FDR, and SDR with no crossing over. One pair of homologous chro-
mosomes is drawn and given the numbers 1 and 2. The reduction cell wall (R) 
and the equational cell wall (E) are the horizontal and vertical lines, respec-
tively. It can be seen, that without crossing over, normal meiosis leads to a 
tetrad with four spores, which are genetically equal two by two; that FDR 
produces a dyad consisting of two 2n-spores, which are genetically identical 
to the parent plant; and that SDR gives rise to a dyad with two completely 
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Figure 1. Schematic representation of normal meiosis. First Division Restitu-
tion and Second Division Restitution assuming one pair of homol-
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Figure 2. Genetic consequences of FDR assuming one crossover per pair of 
homologous chromosomes. Aa represents all heterozygous loci 
affected by the crossover, Bb those not affected by the crossover. 
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Figure 3. Genetic consequences of SDR assuming . one crossover per pair of 
homologous chromosomes. A a represents all heterozygous loci 
affected by the crossover, Bb those not affected by the crossover. 
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Obviously, crossing over and gene recombination normally occur during 
homologous pairing. The genetic implications are shown in Figs. 2 and 3, 
respectively. One crossover per pair of chromosomes is assumed, which is 
realistic in plants with small chromosomes pairing as rod bivalents. In both 
figures, Aa stands for all heterozygous loci distal to the chiasma and thus 
affected by it, whereas Bb stands for all heterozygous loci not affected by a 
crossover. The genetic result of FDR (Fig. 2) can be summarized as (i) among 
the heterozygous loci affected by the crossover (Aa-group ), 50% are still 
heterozygous and 50% have become homozygous and (ii) the heterozygous 
loci not affected by the crossover (Eb-group ) have retained 100% of the 
parental heterozygosity. The genetic result of SDR (Fig. 3) is (i) the complete 
Aa-group of heterozygous loci remains heterozygous and (ii) the complete 
Eb-group of heterozygous loci becomes homozygous. 
Assuming a regular distribution of the parental heterozygous loci along 
the chromosomes, it can be calculated for each separate chromosome with 
known sites of centromere and crossovers, which percentage of the total 
heterozygosity is transferred to the progeny via FDR- and SDR-gametes, 
respectively (Table 1). For chromosomes of potato, the calculated retained 
heterozygosity on the basis of the above assumptions is about 80% in FDR-
gametes and nearly 40% in SDR-gametes . The corresponding percentage in 
reduced gametes of a potato cultivar is maximally 67%. 
FDR-gametes, in addition to all homozygous loci, transfer an average of 
about 80% of the parental heterozygosity to the progeny. Heterozygous par-
ents produce heterozygous FDR-gametes, and these may confer many multi-
allelic loci and thus a high vigor on the autotetraploid progeny. FDR-gametes 
are genetically largely equal to the parent and therefore also among them-
selves. They thus contribute greatly to the uniformity of the progeny. 
SDR-gametes, also those from a highly heterozygous parent, have a 
relatively high level of homozygosity. On an arbitrarily assumed 1: 1 ratio of 
homo- and heterozygous loci in the parent, the SDR-gametes have 50% + 0.6 
x 50% = 80% homozygosity and thus may increase the dosage of many genes. 
This may be important for improving desirable simply-inherited dominant 
characters. Furthermore, SDR-gametes from a heterozygous parent are highly 
heterogeneous and therefore contribute to the heterogeneity and thus to the 
potential for selection in the progeny. 
The cytological processes leading to FDR and SDR were greatly simpli-
fied in Figs. 2 and 3. In fact, the origin of FDR is associated with the occur-
rence of fused (Ramanna 1979; and Veilleux et al., 1982) or parallel (Mok 
and Peloquin, 1975c; and Vorsa and Bingham, 1979) second metaphase spin-
dles, which with normal meiosis are separated and at an angle of 60°. The 
origin of SDR is through endomitosis in interphase nuclei between first and 
second meiotic division and premature formation of the reduction cell wall. 
In this case, second metaphase, anaphase, and telophase are lacking (Mok 
and Peloquin, 1975c). 
• = centromere 
X = crossover 
Type of chromosome 
x I 
1/4 1/4 1/2 
x I 
1/3 1/3 1/3 
x 
1 /2 1/2 
x I x 
1/4 1/4 1/4 1/4 
Average 
• 
Percentage of parental hyterozygosity 
in FDR-gametes in SOR-gametes 
3/4 . 1 + 1I4 • 1/2 = 7/8 3/ 4 • o + 1I4 • 1 1/4 
2/3 ·1+1/3· 1/2 = 5/6 2/3 • 0 + 1/3 1 1/3 
1/2 • 1 + 1/2 . 1/2 = 3/4 1 /2 • 0 + 1/2 1 1 /2 
2/4 • 1 + 2/4. 1/2 = 3/4 2/4 • 0 + 2/4 • 1 1 /2 
80.2% 39.6% 
Table 1. Percentage of the parental heterozygosity present in FDR- and SDR-gametes for four types of 
chromosome. 
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FORMATION OF 2n-GAMETES FOLLOWING RESTRICTED 
OR LACKING HOMOLOGOUS PAIRING 
HERMSEN 
Restricted or lacking homologous pairing is generally observed in mega-
spore mother cells of apomictic species but also in spore mother cells of synap-
tic mutants , anorthoploids (monoploids, triploids, etc.), and in F 1 's from wide 
crosses. The following five mechanisms have been reported: 
1. Premeiotic doubling with autobivalent formation. Some apomictic 
species of the genus Allium may undergo endomitotic chromosome doubling 
during early prophase in spore mother cells. Then the sister chromatids of each 
chromosome stick firmly together as pairs ("autobivalents") forming chiasmata. 
No pairing of homologous chromosomes occurs and consequently, the resulting 
2n-spores are genetically identical to the parent (Hakansson and Levan, 1957; 
and Gohil and Kaul, 19 81) . A low frequency of premeiotic doubling among 
spore mother cells has been reported in some potato species (Lam, 1974; and 
Iwanaga, 1980), but further details on possible 2n-spores or autobivalents have 
not been presented by these authors. 
2. Mitotized meiosis. Mitotized meiosis occurs when the division of the 
chromosomes in an embryosac mother cell is similar to a mitotic division re-
sulting in a dyad with two 2n-megaspores. This mechanism has been reported in 
apomictic species of Paa (Mi.intzing, 1940) and Antennaria (Stebbins, 1932). 
3. Semi-heterotypic division. Semi-heterotypic division is involved when 
homologous chromosomes in an embryosac mother cell hardly pair or do not 
pair at all. The univalents at metaphase I are distributed irregularly along the 
spindle figure. A new nuclear wall is formed around the entire spindle figure, 
resulting in a large restitution nucleus. The chromosomes of this nucleus under-
go the second meiotic division , which gives rise to a dyad consisting of two 
2n-megaspores. This mechanism was first described by Rosenberg (1927) in 
Hieraceum and later by Okabe (1932) in Ixeris. Also, semi-heterotypic division 
invariably leads to 2n-gametes which to a great extent are genetically identical 
to the parent. 
4. Pseudohomotypic division. With pseudohomotypic division, the 
homologous chromosomes in an embryosac mother cell display hardly any 
pairing. During metaphase I, univalents predominate and divide equationally. 
The resulting megaspores thus are 2n-spores genetically equivalent to FDR. 
This mechanism has been observed in the genera Taraxacum, Erigeron, and 
Archieraceum (Gustafson, 19 3 5 ). Pseudohomotypic division has also been 
reported in pollen mother cells of some Solanum species (Lamm, 1941; and 
Hermsen and Ramanna, 1981). The 2n-spores, though genetically equivalent to 
FDR, are not identical with the parental genotype, because homologous pairing 
is normally found at first pro phase stages of meiosis (Ramanna, 1983 ). 
5. Synaptic mutants, interspecific hybrids, and (amphi)monoploids 
associated with nuclear restitution. Homologous pairing may be reduced or 
2n-GAMETE FORMATION 429 
even absent in synaptic mutants (mostly monogenic recessives), in F 1 hybrids 
between remotely related species, in haploids from allopolyploid species, and 
in anorthoploids. If, in such plants, lack of homologous pairing is associated 
with some of the aforementioned restitution mechanisms, the resulting 2n-
spores will become functional FDR-gametes. The degree of genetic identity 
between such gametes and their parent is dependent on the degree of homol-
ogous pairing and chiasma formation , if any . On the other hand, if in such 
plants a restitution mechanism is missing, the reduced gametes will predom-
inantly be aneuploid and sterile. 
In asynaptic mutants, homologous pairing and hence gene recombination 
does not occur at all. In desynaptic mutants, homologous pairing occurs at 
pachytene, which may result in a limited amount of gene recombination 
(Sybenga, 1968). Such so-called synaptic mutants are regularly found in many 
species and may be largely sterile. The terms asynapsis and desynapsis are also 
used for failure of homologous pairing owing to lack of homology between the 
chromosomes in intergeneric or interspecific hybrids and in monoploids. Fail-
ure of pairing may provide a major stimulus for the formation of restitution 
nuclei and consequently for the output of well-balanced Zn-gametes. There-
fore, it is not surprising that there are numerous reports on nuclear restitution 
occurring in such plants (Jahr, et al. , 1963; Skiebe, 1966 ; and Harlan and 
de Wet, 1975). The frequency of 2n- or restitution gametes in such plants is 
usually low but sufficient to prevent the plants from becoming extinct. 
A clear example is the classical hybrid made by Karpechenko (192 7) 
between diploid Raphanus sativus (2n = 18) and diploid Brassica oleracea 
(2n = 18). The F 1 produced no seed in the first year. In the second year, 
19 out of 90 F 1 plants displayed some fertility. Open pollination of these F 1 
plants yielded 821 seeds. Chromosomes were counted in 301 progeny plants, of 
which 218 were tetraploid and 19 higher than tetraploid. This shows that pre-
dominantly restitution male and female gametes were functional. 
Wagenaar (1968), Maan et al. (1980), and Islam and Shepherd (1980), 
from their experimental results with intergeneric hybrids within the Triticinae, 
concluded that restitution gametes almost exclusively arise from spore mother 
cells with the highest degree of desynapsis. Wagenaar (1961) found that the 
duration of metaphase I is positively correlated with the degree of desynapsis. 
So in 1968, he suggested that in cells with the most prolonged metaphase I, 
the first-division activities are interrupted and effectively terminated such that 
reduction cannot occur anymore, which then leads to FDR-restitution gametes 
including all 2n chromosomes. 
DIFFERENT MECHANISMS OF 2n-GAMETE FORMATION COMPARED 
The merits of FDR and SOR have been discussed at length. All other 
processes explained in the previous section are genetically equivalent to FDR. 
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They may differ from FDR in the percentage of parental heterozygosity that 
is transferred to the progeny. In potato , FDR-gametes transfer about 80% to 
the progeny together with a reasonably high uniformity, whereas the situation 
may differ when other mechanisms are involved. 
Premeiotic doubling + autobivalent formation and those cases where there 
is no gene recombination at all (non-reduction, complete asynapsis) lead to 
2n-gametes, of which the genotype is completely identical to that of the par-
ent. Therefore, such gametes transfer 100% of the parental genotype intact 
to the progeny. Because they all have one and the same genotype, they confer 
even more uniformity on the progeny as FDR-gametes do. 
All other mechanisms, including pseudohomotypic division, semi-
heterotypic division, desynapsis associated with fused spindles, or other kinds 
of restitution, take an intermediate position. It should be pointed out that in 
desynaptic mutants, homologous pairing was observed at pachytene (Ramanna, 
1983 ). Chiasmata need not necessarily be formed , but they may be. So gene 
recombination is not precluded. Therefore , the assumption by Okwuagwu and 
Peloquin (1981) and Peloquin (1982) of a 100% intact transfer of the parental 
genotype to the progeny is controversial, although it is hard to establish as to 
what degree the assumption of these authors is inaccurate. 
The mechanisms described are also different in respect to the frequency 
of Zn-gametes among the total of functional gametes produced by a plant. In 
all those plants where homologous pairing is hampered or prevented due to 
synaptic genes, lack of homology , unbalanced ploidy, or some other cause, 
2n-gametes as a rule are the only functional gametes. The n-gametes, if formed, 
are predominantly sterile. However, with FDR and SDR, both functional 
2n-gametes as well as functional n-gametes may be produced. In these cases, 
the proportion of 2n-gametes, which is important for breeding, is greatly 
affected by genetic and environment factors. 
GENETIC AND ENVIRONMENTAL CONTROL OF Zn-GAMETE FORMATION 
All meiotic processes are regulated by genes but are also sensitive to 
environmental factors. The origin of 2n-gametes is due to minor or major 
deviations of normal meiosis. These may be caused by different mutants 
affecting specific stages of the meiotic system. Several recessive mutant genes 
are known. In Datura, a recessive gene dy affects both micro- and megasporo-
genesis in a way that nearly all spores formed are 2n-SDR-spores (Satina and 
Blakeslee, 19 3 5 ). The elongate gene in maize apart from despiralization of the 
chromosomes at both meitoic anaphases also causes the production of 2n-SDR-
eggs in varying proportions among the functional eggs. Microsporogenesis is 
not affected (Rhoades and Dempsey, 1966). Nel (1975) found genetic evidence 
for both SDR- and FDR-eggs due to the elongate gene. Golubovskaya and 
Mashnenkov (1975), also for maize (Zea mays), described a recessive mutant 
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causing absence of first meiotic division (symbol afd-WZ3). It is not clear from 
their description what mechanism might be involved. Finch and Bennett ( 1979) 
described the action of a recessive gene " triploid inducer" (symbol tri) dis-
covered by Ahokas ( 1977), causing absence of second meiotic division. Mok 
and Peloquin (197 Sa) postulate recessive genes pc 1 and pc 2 for two types of 
premature cytokinesis to control SDR in potato. In addition, they found a 
recessive gene ps for parallel spindles at metaphase II leading to FDR-male 
gametes. McCoy (19 8Z) detected a similar recessive gene rp for parallel spindles 
leading to FDR-microspores in alfalfa (Medicago sativa). Ramanna (1979) 
found that parallel spindles at metaphase II need not lead to FDR-gametes, 
whereas fused spindles always do. Veilleux and Lauer (1981) suggest that 
"fused spindles" is the most intense expression of the same gene that induces 
parallel spindles; however, they favor the hypothesis of an incompletely pen-
etrant dominant gene with variable expressivity. Savidan (197 8) for Panicum 
maximum and Nogler (1978) for Ranunculus auricomus present evidence for 
a monogenic determination of aposporic embryo-sac production. However, 
Asker (1980) emphasizes that the degree of apospory, which is realized by the 
formation of apomictic offspring, is certainly under polygenic control and in-
fluenced by environmental factors. 
In the examples mentioned, different specific genes seem to control the 
occurrence of different mechanisms of Zn-gamete formation. This implies the 
possibility of different mechanisms to occur in one plant (Mok and Peloquin, 
197 5c; and Ramanna, 1979), which may greatly complicate genetic analysis. 
In addition, the genetic background may affect the frequency of Zn-gamete 
formation (Skiebe, 1966; Ramanna, 1979; Den Nijs and Peloquin, 1977; and 
others). 
An important group of genes are those affecting homologous pairing. 
Recessive mutants for asynapsis or desynapsis, both in mega- and microsporo-
genesis, are widespread in the plant kingdom, causing sterility of reduced 
gametes. As mentioned before, nuclear restitution in such mutants may lead 
to the production of functional Zn-gametes. 
It has long been known that environmental factors may influence normal 
as well as abnormal meiotic processes. A review on this subject was written by 
Stein (1970). He listed 11 species in which the frequency of Zn-gametes is in-
creased by high temperatures (> 30°C) and 11 other species showing such in-
crease by low (< S°C) or alternating temperatures. The influence of temper-
ature was also studied by Stow (1927), Veilleux and Lauer (1981), and van 
Breukelen (1981). Skiebe (1966) points out that even slight changes in environ-
mental conditions may greatly modify the frequency of Zn-gametes. In potato, 
a large variation of frequency of Zn-pollen was found in the same plants at 
different ages (Ramanna, 1974), between plants of one clone (Jacobsen, 1976), 
and even between flowers of one plant, anthers from one flower and loculi of 
one anther (Jacobsen, 1976; Ramanna, 1979; and Veilleux et al., 198Z). It is 
432 HERMSEN 
obvious that fertility of desynaptic genotypes with nuclear restitution may also 
vary considerably during the season due to environmental variation. 
Sensitivity to environment is also under genetic control. Different gen-
otypes react in different degrees to environmental changes. Plant breeders 
need genotypes that have a stable high-level production of 2n-gametes under 
different environments. It is encouraging that such genotypes have been found 
at least in potato, although they are still few in number. 
DISCUSSION 
The identification of different mechanisms of 2n-gamete formation is 
hampered by the frequent occurrence of different mechanisms in one plant 
(Ramanna, 1979). Also, environmental factors and the physiological condition 
of plants may decrease the frequencies of 2n-gametes to such a low level that 
spore mother cells with a restitution mechanism that can be analyzed cyto-
logically are extremely rare . As a matter of course, genetic analysis may thus 
become more laborious and less reliable. The nature of the material studied 
may be decisive as to the feasibility of reliable genetic analyses and for a 
reliable identification of the mechanism(s) involved in 2n-gamete formation. 
Whereas an appreciable amount of data is available on 2n-gamete forma-
tion in pollen mother cells, there are only scanty data about the exact mechan-
isms involved in 2n-gamete formation in embryosac mother cells from sexually 
propagated plants . Studying the cytology of megasporogenesis is much more 
complicated than that of microsporogenesis. Many mainly qualitative studies 
have been carried out in megasporogenesis of apomictic species. Some mechan-
isms mentioned in this article have been detected first (or only) in apomictic 
species. As the progeny from apomictic seeds is fully or largely identical to the 
parent plant, apomixis became of interest to potato breeding when the new 
technology of growing potato from true seeds entered the picture (Hermsen, 
1980). Apart from apomixis , 2n-gametes have a great potential for breeding 
polyploid crops. 
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IN BREEDING ALLOGAMOUS CROPS 
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ABSTRACT. Meiotic and mitotic polyploidization are compared as to frequency of occur-
rence in nature and potential for breeding allogamous crops. Meiotic polyploidization via 
diploid first-division-restitution-gametes is the more powerful approach and can be applied 
either unilaterally or bilaterally. It is explained how Zn-gametes can be traced by ( 1) seeking 
for polyploid plants in diploid populations followed by 4x-Zx matings; (Z) using colchicine-
doubled genotypes in 4x-Zx matings; (3) visual discrimination of stained Zn- and n-pollen in 
diploid plants; (4) establishing the frequency of dyad formation in diploid plants; and 
(5) large-scale reciprocal crosses between diploids and tetraploids. 
Basically all mechanisms leading to FDR gametes can be utilized for breeding through 
sexual polyploidization, because of the largely intact transfer of the parental genotype to 
the progeny via such gametes. FDR-genotypes mostly produce both Zn- and n-gametes in 
various proportions. The common occurrence of lethality of triploid zygotes ("triploid 
block") is explained and its significance discussed. 
Sexual polyploidization is a desirable breeding technique in those crops which at the 
polyploid level have a better potential performance than at the diploid level. Examples are 
given. Such better performance of polyploids is based on the larger potential of non-additive 
gene effects owing to multi-allelism. The highest degree of multi-allelism is obtained with 
unrelated highly heterozygous parents , the diploid parents producing FDR gametes. 
Experimental results are discussed which illustrate the great potential of sexual poly-
ploidization, but at the same time reveal the need of divergent FDR-genotypes with high 
economic value including resistance to the most important diseases and with a stable mech-
anism for high-frequency production of Zn (FDR) gametes. An adequate breeding program 
at the diploid level aimed at breeding such FDR-genotypes is advocated. 
Index Descriptors: sexual polyploidization, breeding, Zn-gametes, autopolyploids, 
ornamentals, maize, and combining ability. 
INTRODUCTION 
Sexual (Mendiburu and Peloquin, 1977a) or meiotic polyploidization 
(Skiebe, 19 5 8) is the origin of a polyploid through the fusion of two gametes, 
one or both of which have the somatic number ( = 2n) of chromosomes due to 
abnormal meiosis. Sexual polyploidization is unilateral or bilateral, when one 
or both gametes, respectively, contribute the somatic chromosome number. 
Previously, it was explained that Zn-first-division-restitution-gametes of a plant 
may transfer up to 100% of the parental heterozygosity and epistatic inter-
actions to the progeny and because of their approximate or complete genetic 
identity may greatly contribute to the uniformity of that progeny as well. In 
the ideal situation-100% preservation of the parental genotype in both male 
and female gametes-the products of bilateral sexual polyploidization are 
equal to those obtained by somatic hybridization. 
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Somatic or mitotic polyploidization arises from inactivation of the spin-
dles during mitotic divisions, each chromosome thus getting an identical 
partner. Such identical chromosome doubling is a sudden and drastic change 
of the ideotype of a plant. When applied to diploid outbreeding crops, it may 
lead to decreased vigor and fertility owing to disturbed meiosis, increased 
homozygosity, imbalance between genome and plasmon, change of intra-
and inter-locus interactions, and of gene dosages. Breeders have to rely upon 
mitotic doubling when plants are completely sterile owing to nonhomology of 
their chromosomes, e.g., in F 1 hybrids of remote species and in (amphi)mono-
ploids. 
The number of known successful polyploids, that have arisen in nature 
through mitotic doubling, is small. Yet nature has produced numerous excellent 
polyploids. In their monograph on colchicine, Eigsti and Dustin (1955) sug-
gested that nearly all natural polyploids originated from unreduced gametes. 
Systematic . investigations on polyploidization in nature have been carried out 
by several researchers, most comprehensively by Harlan and de Wet (197 5). 
Their experimental results supported the view of Eigsti and Dustin (1955). 
It was demonstrated that 2n-gametes may occur in every species or ecotype in 
nature as well as in all kinds of breeding lines and populations. The frequency 
of 2n-gametes as a rule is extremely low but may vary greatly between geno-
types and environments. In the present article, various ways of exploiting 
2n-gametes will be indicated. In addition, experimental results will be presented 
that demonstrate the great potential of meiotic polyploidization for breeding 
both natural and induced polyploid crops. 
HUNTING FOR Zn-GAMETES 
Breeders of diploid allogamous crops of which no tetraploid plants or 
tetraploid related species are available may wish to breed autotetraploid var-
ieties. Sexual polyploidization is to be preferred to mitotic doubling, as ex-
plained in the introduction. Following the advice "those who seek find," 
diploid populations can be grown and screened for the occurrence of poly-
ploids. It is known from numerous reports in the literature that polyploids 
occur, albeit in low frequencies, in species of various plant families . A few 
examples are mentioned for illustration: Bauman (cited in Alexander and 
Beckett, 1963) found 0.06-0.52% triploids in seven single-cross hybrids in 
maize (Zea mays). Morinaga and Fukushima (1934/35) discovered 150 tri-
ploids in a field of rice (Oryza sativa); Stomps (1912) detected 11 triploids 
among an unknown number of Oenothera seedlings; Einset (1952) reported 
17 triploids among 6825 apple (Matus pumila) seedlings from a diploid x 
diploid cross and upon open pollination of these triploids, 148 tetraploids 
occurred among 5694 progeny plants; Ellerton and Hendriksen (1959) ob-
tained 2.4% triploids in a population from male sterile diploid x normal diploid 
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sugar beets (Beta vulgare) but none in a normal diploid cultivar; and Skiebe 
(19 5 8) screened 84 7 6 F 1 seedlings of diploid Primula malacoides and selected 
four tetraploids and one triploid. When only triploids are found , crosses be-
tween triploids and diploids usually produce a reasonable number of tetraploid 
progeny, as is shown by Einset (1952) and in many other experiments. Once a 
sufficient number of tetraploids has been obtained, the genetic base can be 
conveniently broadened by reciprocal tetraploid-diploid crosses, which may 
produce predominantly tetraploid progeny. This is especially true in those 
crops where tetraploid and pentaploid endosperms that are associated with 
triploid embryos from 2x.4x- and 4x.2x-matings, respectively, are defective, 
whereas only hexaploid endosperm, which occurs in seeds with tetraploid 
embryos from both 2x.4x and 4x.2x matings, is vital. This phenomenon is 
called "trip lo id block" (Marks, 1966 ). If it is fully effective, it prevents x-
gametes from contributing to the progeny, whereas all vital seeds originate 
from 2x-gametes. Consequently, the number of seeds per fruit obtained from 
4x-2x and 2x-4x matings reflects the frequency of 2n-gamete formation on the 
male and female side, respectively, in the diploid parents. 
Hanneman and Peloquin (1967) were the first to apply this approach 
systematically in potato (Solanum tuberosum) for tracing diploid 2n-gamete 
producers. In their large-scale program, 107 diploid hybrids and 48 tetraploid 
cultivars were included. Table 1 summarizes their classification of diploid 
clones on the basis of seeds per fruit from 4x-2x and 2x-4x matings, which 
because of the effective triploid block in potato is a measure of the frequency 
of Zn-gametes produced by the diploids on the male and female sides, respec-
tively. The results from reciprocal crosses of four typical diploids presented in 
Table 2 demonstrate four characteristic types of male and female 2n-gamete 
production: low-low, low-high, high-low, and high-high, respectively. Seeds per 
fruit are a good measure of 2n-gamete production capacity, if a triploid block is 
sufficiently effective. This is clearly demonstrated for potato in Table 3, where 
the ploidy level distribution is presented in the progenies from reciprocal 
4x-2x matings, more than 90% of the plants being tetraploid. 
The approach of Hanneman and Peloquin for detecting 2n-gamete pro-
ducers is applicable to all crops with a sufficiently effective triploid block. As 
a matter of course, tetraploids-either natural or induced, m~iotic or mitotic-
should be available or made available. 
Jahr et al. (196 3) investigated sexual polyploidization in a number of 
diploid crops using as tetraploid parents varieties obtained by mitotic doubling 
and improved for 10-20 years. Crosses of the type diploid x tetraploid were 
made. Table 4 shows the resulting numbers and ploidies in the progenies ob-
tained. The polyploids obtained were predominantly tetraploid. These tetra-
ploids were improved until F 3 in radish (Raphanus sativus) and Crimson clover 
(Trifolium incarnatum) and until F4 in camomile (Anthemis nobilis). Then their 
performance was compared with the colchicine-induced improved tetraploid 
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Table 1. Distribution of diploid potato hybrids based on average seed set in 
4x-2x and in 2x-4x matings (Hanneman and Peloquin, 1967). 
Number of Number of Average 
Classes of diploid hybrids tetraploids number of 
seeds/fruit per class used seeds/fruit 
Tetraploids x diploids 
<2 54 18 0.81 
2-5 8 16 2.72 
5-10 4 14 6.94 
10-20 3 10 12.47 
>20 1 11 56.32 
Diploids x tetraploids 
<2 49 17 0 .43 
2-5 6 13 3.84 
5-10 7 16 7.50 
10-20 3 13 12.92 
>20 0 0 0.00 
Table 2. Four diploid potato hybrids with a characteristically different capacity 
of producing male and female Zn-gametes in terms of seeds/fruit 
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56 .32 (high) 
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Table 3. Ploidy level distribution in progenies from reciprocal 4x-2x matings 
in potato. 
Number of 
Type of 4x-2x 
mating combinations 






























Table 4. Meiotic polyploids from diploid x colchicine-tetraploid matings 
(modified from Jahr et al., 1963): a = hand emasculation + hand 
pollination; b = hand emasculation + open pollination ; and c = no 
emasculation + open pollination. 
Pollinated Plants 
Crop (species) Method flowers 3x 4x Remarks 
Chinese cabbage a 300 0 21 
(Brassica chinensis) 
Radish a 600 1 8 
(Raphanus sativus) 




Camomile c 120 1 27 Phenotypic preselection 
(Anthemis nobilis) 
Red clover c 11 7 Self-in compatible 
(Tri[ olium pratense) 
Crimson clover c 58 0 28 Self-incompatible 
(Tri[ olium incarnatum) 
Thyme c 1 48 G ynodioecious 
(Thymus vulgaris) 
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Table 5. Performance of mitotic and meiotic tetraploids in radish, Crimson 
clover, camomile (Jahr. et al., 1963), and maize (Kristov, 1980). 
Origin 
Raphanus sativus 

















colchicine ( =4x-C)b 
2x.4xb 














Yield dry matter 
(kg/ha) 
Grain weight (g) 1000-grain 




b4x-C derived from the diploid singles ; 2x.4x = tetraploids obtained from crossing diploid 
inbreds and singles with tetraploid synthetic . 
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vanenes. Table 5 summarizes the results obtained. Some comparable results 
from Kristov (1980) are added to this table involving diploid maize hybrids and 
their unimproved mitotic and meiotic tetraploid derivatives. The superiority of 
meiotic polyploids is evident. Unfortunately, the mechanisms of female 2n-
gamete formation in the diploid varieties used was not reported by the authors. 
A quick method of estimating the frequency of male 2n-gametes is based 
on visual size discrimination of stained 2n- and n-pollen. In potato, 2n- and 
n-pollen have a diameter range of 26-33µ and 18-23µ, respectively. A positive 
correlation between frequency of big pollen and seed set from 4x.2x-matings 
has been reported by Quinn et al. (1974) and Jacobsen (1980). The method is 
suitable for preliminary screening of large populations and has been used as such 
in potato (Quinn et al., 1974; Den Nijs and Peloquin, 1977; Leue and Peloquin, 
1980; Jacobsen, 1980; and Veilleux and Lauer, 1981b), and in alfalfa (Medi-
cago sativa) (McCoy, 1982; and Vorsa and Bingham, 1979). The method should 
be used only with great caution for genetic research on the ability of male 
2n-gamete formation or for detecting rather small genetic differences in fre-
quency. In genetic research of qualitative traits, classification of individuals is 
usually based on presence/absence of a character. As a criterion for presence 
of the gene for male 2n-gamete formation 5%, 4%, 3%, and even 1 % big pollen 
has been used. However, Veilleux and Lauer (1981b), on the basis of their 
experiments with Solanum phureja, conclude that owing to large environmental 
variability of the percentage of big pollen in an individual or clone, a consistent 
classification based on such percentages is not feasible. 
The occurrence of dyads in pollen mother cells is a reliable criterion for 
the ability to produce 2n-pollen. The technique is a little laborious (for des-
cription, see Ramanna, 1979) and can be used to trace 2n-gamete producers. 
However, the frequency of dyads is also subject to large variability owing to 
micro-environmental (within the anthers) and macro-environmental variation. 
Ramanna (1979) studied several Solanum phureja clones on different dates in 
4-6 successive years and found large intra-clonal variation of percentage of 
dyads (e .g. , 12.4-75.1% in clone IVP 10). Therefore, genetic analyses based on 
percentage of dyads formed should also be considered with caution. The 
hypothesis by Mok and Peloquin (197 5 a) of one recessive gene ps controlling 
male 2n-gamete production appears less realistic than the hypothesis by Veil-
leux and Lauer (1981 b) based on an incompletely penetrating gene with a 
variable expressivity. 
The great influence of micro- and macro-environmental conditions on the 
occurrence and frequency of 2n-gametes in most genotypes largely complicates 
genetic analysis. On the other hand, it offers a possibility of exploiting environ-
mental variation to increase 2n-gamete frequencies or even to induce 2n-gamete 
formation. This is particularly important to get a program of sexual polyploid-
ization started in diploid crops lacking tetraploid relatives. 
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Summarizing this section, it may be concluded that several methods are 
available to trace or to induce polyploids produced through 2n-gametes, to 
trace diploid plants with the capacity to produce 2n-gametes, and to select 
genotypes with a relatively stable high-level production of 2n-gametes. 
SEXUAL POLYPLOIDIZATION AND BREEDING 
The most desirable mechanisms for sexual polyploidization 
For exploiting sexual polyploidization in plant breeding, the breeder must 
be able to manipulate the capacity of producing 2n-gametes like any other 
desirable character. He has to have a good knowledge of its inheritance, of its 
stability under different environments, and of the exact mechanism involved. 
A few remarks about the most desirable mechanism for practical breeding 
should be added here. In principle, all FDR-mechanisms can be utilized in 
breeding. As explained before, all functional gametes are FDR-2n-gametes in 
those diploids where desynapsis occurs in all spore mother cells and desynapsis 
+ nuclear restitution occurs in a sufficient number of them to warrant a work-
able level of fertility. The advantages of such diploids for polyploid breeding 
are obvious. No triploid block is needed, and only tetraploid progeny arise 
from 4x.2x crosses, from selfing the diploid, and from 2x.2x crosses, if the 
mechanism is functional in both sexes . Furthermore, a largely intact transfer 
of the parental genotype to the progeny is warranted as well as a good contri-
bution to its uniformity. However, if vegetative maintenance of such diploid 
genotypes is impossible, they cannot be maintained as diploids. Neither is it 
feasible to introduce the mechanism into other valuable parental diploids with-
out upgrading their ploidy level. Only the use of heterozygosity at the locus 
for desynapsis, as suggested by Hermsen (1980), might be a workable approach, 
although it would complicate the breeding procedure. An alternative pathway 
would be to use male desynaptic FDR-diploids as a female parent in crosses 
with normal agronomically valuable diploids. However, for such an approach, 
desynapsis on the male side has to be genetically independent from desynapsis 
on the female side. Peloquin (1982) has reported such independence. If Pelo-
quin's view is correct, the problem of maintenance of desynaptic FDR-diploids 
remains unsolved for seed-propagated crops. Based on these considerations, 
the conclusion that diploids producing both functional n-gametes and 2n-
(FDR)-gametes are most suitable for breeding purposes seems justified. The 
proportion of 2n-gametes should be high, that of n-gametes may be low. In 
order to avoid triploids arising from 4x.2x matings, a triploid block is needed, 
when the proportion of 2n-gametes in the gametal population is low. This 
prerequisite is met in practically all crops in which sexual polyploidization is a 
desirable breeding procedure. 
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Breeding at the polyploid level is greatly complicated by a number of 
characteristic features of polyploids. Breeding polyploids at the diploid level 
offers many new opportunities that will be discussed in the paper on haploids 
as a tool in breeding. Haploidy in association with sexual polyploidization is 
the most efficient and promising technique for breeding autopolyploid crops. 
However, sexual polyploidization has a broader field of application. 
Feasibility of sexual polyploidization in different crops 
Sexual polyploidization is a desirable breeding technique in those crops 
which at the polyploid level have a better potential performance than at the 
diploid level. This may be true for allogamous diploid crops like many grasses 
and clovers and in autopolyploid crops like potato, alfalfa, orchard grass 
(Dactylis glomerata ), crested wheatgrass (Agropyron eris ta tum), birdsfoot 
trefoil (Lotus corniculatus ), timothy (Phleum pratense ), and leek (Allium 
porrum). Also ornamentals should be mentioned, like Primula, Freesia, cy-
clamen (Cyclamen europaeum), Gerbera, Impatiens, and Chrysanthemum. 
In diploid ornamentals, the autotetraploid level may be of particular interest 
because of the increased uniformity at that level, as explained by Sparnaaij 
(1979). 
Synthesis and resynthesis of allopolyploid crops from existing diploid 
relatives may be more promising through sexual polyploidization than through 
mitotic doubling, because of a better stability and performance of the products 
obtained (Skiebe, 1956; Jahr et al., 1965; and Harlan and de Wet, 1975). 
SEXUAL POLYPLOIDIZATION AND PERFORMANCE 
Most data on performance of autotetraploids produced by unilateral 
sexual polyploidization have been collected in populations from 4x.Zx crosses 
involving male FDR-gametes. Relatively few data have been reported on Zx.4x-
crosses (Kidane-Mariam and Peloquin, 197 4, 197 5; and Mendiburu and Pelo-
quin, 1977a), because genotypes known to produce a high frequency of female 
Zn-gametes are few in number and the mechanism is more difficult to iden-
tify. For the same reason the data on bilateral sexual polyploidization-tetra-
ploids from Zx. Zx crosses- are scanty both in potato (Mendiburu and Peloquin, 
1977b) and in alfalfa (Bingham, 1980). The results by Jahr et al. (1963) from 
Zx.4x matings in radish, trefoil, and camomile and those by Kristov (1980) 
in maize are presented in Table 5 but will not be discussed in this chapter, 
because nothing is known about the mechanism of Zn-gamete formation in-
volved. 
Theoretical expectations 
The genotypic structure at a certain locus in a tetraploid population 
is defined by the relative frequencies of tetra-allelism, tri-allelism, balanced 
di-allelism, unbalanced di-allelism, and mono-allelism at that locus in the 
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population. This structure is dependent on the genotypic structure of the 
parents, their degree of relationship, ploidy level, mechanism of gamete forma-
tion, and frequency of crossing over between locus and centromere. Mendiburu 
et al. ( 197 4) calculated the expected average inbreeding coefficient of tetra-
ploid families obtained from 2x.2x, 4x .2x (FDR), 4x .2x (SDR), and 4x.4x 
crosses and estimated the transfer of non-additive gene effects to the tetraploid 
progeny, assuming normal meiosis and cc = 0 in the tetraploid parents. They 
reached the following conclusions: 
1. FDR-gametes, when compared to SDR-gametes and to reduced gametes 
of the tetraploid parent, transfer a larger percentage of the parental 
heterozygosity and epistatic interactions to the progeny. 
2. Tetraploid progeny from 2x (FDR) .2x (FDR) crosses are expected to 
perform better than that from 4x.2x (FDR) crosses and 2x (FDR) .4x 
crosses, with the 4x.4x crosses ranking lowest. 
3. The parents preferably should be unrelated, because then the probabil-
ity of tetra-allelism in the tetraploid progeny is highest. 
4. With absence of homologous pairing and gene recombination the 
maximum possible performance is expected from 2x(FDR).2x(FDR), 
with the hybrids being genetically equivalent to the products of somatic 
hybridization of the same parents. 
Experimental results 
Mok and Peloquin (1975b) reported data on tuber yield of nine tetraploid 
cultivars, four 2x-FDR-clones, four 2x-SDR-clones, and average tuber yield of 
all possible tetraploid hybrid families , viz. 36 each from 4x.4x, 4x.2x (FDR), 
and 4x.2x (SDR). For each family 20 genotypes were included and grown at two 
locations with two replications each. The data are presented in a concise way 
in Table 6 . It is apparent that the tetraploid families from 4x.2x (FDR) are 
significantly superior to the other two family groups. Heterosis in respect to 
the midparent value has been found not only in this experiment but also by 
Mendiburu and Peloquin (1977 a), de Jong and Tai (1977), de Jong et al. 
(1981), McHale and Lauer (1981a, 1981b), and Veilleux and Lauer (1981a). 
Heterosis has been ascribed to the nearly intact transfer of parental hetero-
zygosity and epistatic interactions through FDR-gametes to the progeny, but 
de Jong and Tai (1977) also think of a favorable combination of tuber number 
(high in diploid parents) and tuber size (big in tetraploid parents). The degree 
of heterosis varied considerably in different experiments, being largest with 
widely-spaced plants. The hybrid plants with large tuber numbers suffer most 
from inter-plant competition in case of close planting (de Jong and Tai, 1977). 
Tetraploid families from 4x.2x (FDR) crosses and their tetraploid parent 
cultivars were compared by assessing nine quantitative characters (de Jong and 
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Table 6. Tuber yields (lbs./hill) as averages of family means in two replications 
at two locations. Number of parents: nine tetraploids, four diploid 
FDR clones, and four diploid SDR clones of potato. (Pooled data 





a Average 2x (FDR)-parents 
Average 2x (SDR)-parents 
Average 4x-parents 
LSD (P 0.01 , Hancock) 
LSD (P 0.01, Rhinelander) 
LSD (P 0.01 , Mean) 










Types of cross 








Tai, 1977). The range of variation for most characters was larger in the 4x.2x 
(FDR) families than in the parent cultivars, independent of the family mean. 
Thus for nearly all characters, genetic advance could be obtained by selecting 
the best tetraploid hybrids. De Jong et al. (1981) compared six cultivars and 
three selected hybrids from 4x.2x (FDR) at four locations with two replica-
tions in two successive years. All three hybrids compared well with the cul-
tivars; one hybrid even surpassed the superior cultivar Kennebec in marketable 
yield and stability of yield. Taking into account that the hybrids were selected 
from only 10,000 seedlings (200,000 seedlings are needed for one cultivar) 
from crosses, one parent of which was an unselected diploid, it is apparent 
that sexual polyploidization is a powerful breeding technique. 
Up to now, few data have been published from analogous experiments in 
alfalfa. There is no reason to assume that the potential of sexual polyploidiza-
tion in alfalfa would not be similar to that in potato. However, alfalfa is a seed-
propagated crop . As indicated briefly by Bingham (1980), FDR-gametes may 
be used in alfalfa for maximizing heterozygosity to the same degree as in 
double crosses, but problems related to efficient seed production still have to 
be solved. 
Choice of parents 
A rational choice of appropriate parents for prediction of performance 
upon sexual polyploidization could be based on their qualitative characters 
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and on knowledge of their combining ability in 4x.2x (FDR), 2x (FDR).4x, 
and 2x (FDR).2x (FDR) crosses. The reported data on combining abilities are 
rather different. Mok and Peloquin (197 Sb) found that specific combining 
ability was significant for average tuber yield of 3 6 tetraploid families obtained 
by crossing nine tetraploid cultivars and four slightly related 2x (FDR) clones. 
The performance of a 4x family could not be predicted from the average test-
cross peformance of the parents. Mendiburu and Peloquin (1977a) found 
significant general combining abilities for the diploid and tetraploid parents 
used in their experiment. Specific combining abilities were not significant at 
either location, but they were detected in the analysis combined over locations . 
The authors concluded that progeny testing is an efficient tool to evaluate the 
breeding value of both tetraploid and diploid parents for tuber yield in 4x.2x 
(FDR) crosses. 
Also de Jong and Tai (1977) , McHale and Lauer (1981b), and Veilleux 
and Lauer (1981a) found highly significant effects of general combining ability 
on the between-family differences for several agronomic traits, i.e., total tuber 
yield, yield of marketable tubers, and maturity. McHale and Lauer (1981b) 
emphasize the feasibility of selecting superior 2x- and 4x-parents on the basis 
of average test-cross performance of the parents. 
Further research is needed using a larger number of various 2x (FDR)-
genotypes than in the aforementioned experiments. Also, FDR-clones should 
ripen sufficiently early to avoid the necessity for harvesting progeny before 
they are mature as was done by Veilleux and Lauer ( 1981 b) and McHale and 
Lauer (1981b). 
DISCUSSION 
Thorough investigations of the mechanisms of 2n-gamete formation, both 
male and female, should be continued. Not only the nature and inheritance of 
these mechanisms should be further elucidated, but also the methods of intro-
ducing them into valuable diploid selections should be clarified. 
Apart from the potential of FDR-gametes in sexual polyploidization, a set 
of various superior FDR-genotypes may be an efficient tool in evaluating the 
breeding value of autotetraploid genotypes , as pointed out by Mok and Pelo-
quin ( 197 Sb). The conventional method via analysis of 4x.4x progenies is ex-
tremely laborious and less critical because reduced (diploid) gametes from a 
tetraploid tester are far more heterogeneous than the highly heterozygous but 
homogeneous 2n-gamete population from diploid FDR-genotypes. 
The number and diversity of suitable 2x (FDR)-genotypes is still limited. 
There is an urgent need for genetically divergent FDR-genotypes with high 
agronomic value including stable resistance to the most important diseases and 
a stable mechanism for high-frequency production of 2n (FDR)-gametes. Only 
an adequate breeding program at the diploid level based upon genetically broad 
initial material will enable breeders to make an efficient use of sexual poly-
ploidization. 
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ABSTRACT. The terminology used is briefly explained. Origin and induction of haploids 
in vivo are treated along with in vitro induction. Monoploids as such are rarely utilized in 
breeding but are valuable for basic research on phylogeny, genetics, and mutagenesis . Dou-
bled (mono)haploids, coded DH, obtained through colchicine-doubling of haploids from 
diploids and allopolyploids have been studied in many crops. 
In autogamous crops, DH-lines can be released as cultivars or used as parents for fur-
ther crosses, e.g., in a recurrent selection program to improve populations. They enable 
evaluation of populations from crosses already from F 1 onwards. Time saving and increased 
efficiency of selection are major advantages because of homozygotization in one generation 
and a reliable discrimination between genotypes. Non-additive variance is completely elimin-
ated and environmental variance can be minimized in the testing procedure. 
In allogamous crops DH-lines may be used as parents of hybrid varieties and of syn-
thetic varieties. Owing to inbreeding depression , the number of useful DH-lines may be re-
duced. Specific potentials of DH-lines are discussed: all-male asparagus hybrids and homo-
zygous potato lines that bypass all natural barriers to repeated selfing. 
DH-lines proved to be useful for analysis of the genetics of qualitative and quantitative 
characters. 
Dihaploids from autotetraploid crops allow breeding at the diploid level and greatly 
facilitate the use of diploid wild and cultivated species. Dihaploids mostly have a reduced 
fertility or are sterile particularly on the male side; flowering may be poor, and aberrant 
plants are frequently found. Dihaploids ·can be efficiently produced in potato and alfalfa. 
Apart from the advantages of breeding at the diploid level , dihaploids are effective tools in 
capturing the genetic diversity of related diploid species. Both in potato and alfalfa first-
division-restitution-(FDR)2n-gametes are effective instruments for intact transfer of hetero-
zygosity to the autotetraploid level, thus increasing the level of multi-allelism and the 
performance of the tetraploid progeny. The potential of the dihaploid and Zn-gametes 
approach is most obvious in vegetatively propagated autotetraploids . 
Index Descriptors: haploids, breeding, early generation testing, recurrent selection, 
homozygous lines, anther culture, and pseudogamy. 
INTRODUCTION AND TERMINOLOGY 
A genome of an organism is a functional entity comprising the smallest 
possible number of structurally and genetically different chromosomes of that 
organism. This basic chromosome number, which is symbolized by x, is char-
acteristic of each species and in economically important crops is predominantly 
in the range of 5-20. The number of chromosomes in somatic or diplophase 
cells is indicated by 2n, n being the number of chromosomes in gametes or 
haplophase cells. 
Haploids are sporophytic individuals which, owing to their origin from a 
reduced gametic cell in the embryo-sac or in the pollen grain, have the gametic 
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Table 1. Types of crops and derived haploids with genome formulas. 
Crops Genome formula Derived haploid Genome formula 
Monoploids 2n = x 
(Auto )diploids 2n = 2x Monohaploids 2n = x 
Autotriploids 2n = 3x 
Autotetraploids 2n = 4x (Au to )dihaploids 2n = 2x 
Autohexaploids 2n = 6x Autotrihaploids 2n = 3x 
Allodiploids 2n = XA + x8 
Allotetraploids 2n = 2xA + 2x8 Allodihaploids 2n = XA + x8 
Allohexaploids 2n = 2x A + 2x8 + 2xc Allotrihaploids 2n = x A + XB + Xe 
chromosome number. The haploid embryo arises either from the egg cell (gyno-
genesis) or from a gametophyte cell other than the egg cell (apogamy), or from 
a male gamete (androgenesis). When it originates from the pollen grain, it 
mostly does so from the vegetative cell. 
Parallel to the distinction between autoploid and alloploid crops, hap-
loids can be subdivided into autohaploids and allohaploids, as indicated in 
Table 1. On the basis of breeding behavior the following categories may be 
distinguished: 
1. Functional monoploids. These include all haploids from diploid and 
allopolyploid crops. They are characterized by having only unpaired 
chromosomes (no homologous pairing) and hence by exhibiting com-
plete sterility . On spontaneous or induced doubling of the chromo-
some number, this sterility is generally converted into complete 
fertility and the plants become fully homozygous. In the literature 
they are indicated as "doubled haploids" and coded "DH." 
2. Functional diploids. These include autodiploids , autodihaploids, all 
true allopolyploids, and all colchicine-doubled monoploids or DH-
lines. Normal meiosis and fertility and disomic inheritance is the rule 
in this category. However, autodihaploids are largely male sterile and 
in addition retain some degree of heterozygosity owing to their origin 
from heterozygous autotetraploids. 
3. Functional polyploids. These include natural and induced autopoly-
ploids. This category of plants has complicated polysomic inheritance 
of characters, and autotriploids and autopentaploids are largely sterile. 
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Origin and induction of haploids 
Haploids of higher plants arise mainly through gynogenesis, apogamy, and 
androgenesis and are often associated with polyembryony (Lacadena, 197 4 ). 
They are rare in nature, although spontaneous haploids occur in many plant 
families. Approximate frequencies are 1.0% parthenogenetic and 0.1 % andro-
genetic haploids, but workable frequencies are found in oilseed rape (Brassica 
napus) and flax (Linum usitatissimum) (Pressers, 196 3; Thompson, 1969, 
1974, 1977; and Rajhathy, 1976). 
Considerable research efforts during the last four decades have led to a 
better understanding of the processes involved in haploid induction, to various 
techniques for producing haploids, and to the utilization of haploids in differ-
ent crops (Kasha, 1974; Nitszche and Wenzel, 1977; Davies and Hopwood, 
1980; and Hermsen and Ramanna, 1981). 
In vivo induction 
In vivo induction occurs in the embryo sac. The modes of origin vary, 
but in any case either cross or self pollination is required. The haploids then 
arise following abnormal events during or just after fertilization. Pollinations 
usually give rise to hybrid haploid seeds, which can most efficiently be separ-
ated by a dominant seed or seedling marker. The frequency of haploids is con-
trolled by the genotype of the female parent and of the male parent (or rather 
the pollinator) and may be influenced by environment, chemicals, delayed 
pollination, and alien cytoplasm (Lacadena, 1974 ). The following processes 
may give rise to haploids in vivo . 
1. Pseudogamy: Development of an unfertilized reduced female gamete 
or egg occurs after stimulation by the male nucleus or hybrid endo-
sperm (Chase, 1969; and Rowe, 1974). Examples of pseudogamy are: 
intervarietal crosses in maize (Zea mays) (Chase, 1952), alloplasmic 
Salmon wheat (Triticum aestivum) (Tsunewaki et al., 1968), hap/hap 
mutants in barley (Hordeum vulgare) (Hagberg and Hagberg, 1980), 
and interspecific crosses in potato (Solanum tuberosum) (Hougas 
et al., 1958), alfalfa (Medicago sativa) (Bingham, 1969), poplar (Popu-
lus ssp .) (Stettler et al., 1969), and tobacco (Nicotiana tabacum) (Burk 
et al., 1979). 
2. Preferential elimination of chromosomes of a specific genome during 
early embryo development following normal double fertilization 
(Kasha, 1974b; and Jensen, 1975). Main examples: barley and wheat 
crossed by Hordeum bulbosum (Kasha and Kao, 1970; and Bart:lay, 
197 5). 
3. Semigamy: Reduced male and female gametes do not fuse, but both 
participate in embryogenesis, resulting in chimera! haploid plants with 
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sectors of maternal and paternal origin (Turcotte and Feaster, 1974; 
and Chaudhari, 1978). Example: tetraploid cotton species. 
4. Androgenesis: The maternal nucleus is eliminated or inactivated 
before fertilization and the haploid originates from the male nucleus 
in the egg cell (Chase , 1963). The frequency of androgenetic haploids 
is extremely low except in the recessive maize mutant "indeterminate 
gametophyte" (Kermicle, 1969). In order to select androgenetic 
haploids, a marker gene, which is dominant in the female and recessive 
in the male parent, is required. 
In vitro induction 
In vitro induction using anthers or microspores (Sunderland, 1974, 1980; 
and Maheshwari et al., 1980) and ovules (San Noeum, 1978) is being applied 
on a large scale . Success requires use of the correct growth media and know-
ledge of the optimal microspore stage at the onset of the experiment. Environ-
mental conditions, especially temperature shock, may be effective. The chance 
of obtaining haploids is greater where differentiation can be induced without 
intermediate callus formation; when a callus phase intervenes, aneuploidy and 
higher ploidy levels are commonly found . Progress with in vitro induction has 
been rapid, and haploids have been reported in more than 15 0 species from 2 3 
plant families, mainly Solanaceae and Gramineae (Maheshwari et al. , 1980). 
Among the Gramineae, the common occurrence of albino plantlets from 
microspores greatly reduces the number of useful haploids. Both anther culture 
and in vivo induction may give rise to heterozygous plants originating directly 
from 2n-gametes. 
HAPLOIDS AS TOOLS IN PLANT BREEDING AND RESEARCH 
The potential use of haploids in research and plant breeding depends upon 
the nature of the species: allogamous, autogamous, functionally diploid, or 
autopolyploid. 
Monohaploids 
Monohaploids are haploids from functional diploids. A monohaploid has 
unpaired chromosomes at meiosis in nearly all spore mother cells and thus 
produces aneuploid sterile gametes . To be of direct use, the somatic chromo-
some number must be stable, and vegetative propagation would have to be 
possible . Monohaploids are of great value for the study of phylogenetic rela-
tionships in alloploid species, for genetic studies (simplified ratios), and for 
mutation research (mutations directly visible). However, their direct use by 
breeders and growers will rarely be possible, except in some ornamentals. 
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Doubled monohaploids: the DH-breeding procedure 
The production of monohaploids and subsequent chromosome doubling 
to obtain doubled haploids (coded DH) allows the development of completely 
homozygous lines from heterozygous parents in one single generation, whereas 
the conventional procedure of homozygotization requires five to seven gener-
ations of selfing. Snape (1982) mentions three criteria for successful exploita-
tion of the DH-system: 
1. Easy and consistent production of large numbers of DH-plants of all 
genotypes used in order to capture all genetic variation needed for 
selection. The required number of DH-lines is dependent upon the 
genotypic difference between the parents in the initial cross and upon 
the filial generation of selfing. 
2. The DH-plants should be cytologically stable and phenotypically nor-
mal. Monohaploids obtained through anther culture, especially when 
an intermediate callus phase is involved, may be unstable and undesir-
able recessives may appear (e.g., albinos in Gramineae). Diploids 
obtained directly from the test tube may be, but need not be, homo-
zygous (2n-gametes). 
3. The DH-plants should be a random gametic sample from the parent 
plant when the DH-approach is being used for genetic analysis. Ran-
domness has been reported for several major genes (Kasha and Rein-
bergs, 1980; and Collins and Legg, 1980). For polygenic characters it 
is difficult to establish whether gametal selection has occurred. Park 
et al. (1976) did not observe differences between DH-lines and con-
ventionally derived homozygous lines in barley as to means, variances, 
and stability of performance. Thus, complete homozygosity as such 
does not appear to have adverse effects in barley. 
Results from comparable experiments in allotetraploid tobacco are 
equivocal and in addition unexpected. Several authors observed variation and a 
reduced performance among and even within DH-lines from homozygous 
tobacco cultivars (Burk and Matzinger, 1976; and Arcia et al. , 1978). Schnell 
et al. (1980) crossed two tobacco lines and from the F 1 produced 50 lines 
obtained via the DH-method and 50 S8 lines obtained via single-seed descent 
(SSD). Contrary to the results in barley (Park et al., 1976), the tobacco DH-
lines on an average yielded 10.6% less than the SSD-lines. These results were 
tentatively explained on the basis of remnant heterozygosity in the homo-
zygous parents, mutagenic effect of colchicine, and loss of cytoplasmic factors 
during haploidization through anther culture (Collins and Legg, 1980). 
On the other hand, Nakamura et al. (1974) and Chinese workers (Chinese 
Acad . of Agric . Sci ., 1978) report genetic stability of DH-lines of tobacco 
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during several generations and no reduced vigour as compared to the parental 
lines . These different results may in part be a consequence of the techniques 
used in monoploid production via anther culture in tobacco and the H. bul-
bosum technique in barley. In this connection it would be of interest to com-
pare tobacco DH-lines derived from maternal haploids (Burk et al., 1979) with 
those derived from pollen haploids. 
The DH-procedure in autogamous crops 
In autogamous crops stable DH-lines with high-level performance can be 
released as cultivars . The Canadian barley variety Mingo has been produced 
this way (Kasha and Reinbergs, 1980). Chase (1952) proposed the use of 
DH-lines in conjunction with recurrent selection in maize. Collins and Legg 
( 197 4) proposed a similar procedure for autogamous crops: DH-lines selected 
in one cycle are used to initiate another cycle. In spring barley, each cycle of 
production and evaluation could be performed in two years (Kasha and Rein-
bergs, 1981). A gradual improvement in population performance is expected 
and at any generation, varieties may be selected. 
The principal potential advantages of the DH-procedure are time saving 
and increased efficiency of selection. Saving of time is obvious because of 
rapid homozygotization. The saving in time is larger in winter than in spring 
cereals (and even more striking in allogamous biennial, dioecious, and self-
incompatible crops as well as in crops with a long juvenile period). Selection 
efficiency may be greatly increased because of a more reliable discrimination 
between genotypes (especially in early segregating generations), and therefore 
a better response to selection is achieved. Early-generation testing in auto-
gamous crops is hampered by the considerable nonadditive genetic variance. 
This variance is eliminated in DH-lines, so all genetic variance is additive and 
thus selectable. In addition, environmental variance can be minimized in the 
DH-system, because replication can be introduced in the testing procedure. 
Griffing (1975) has demonstrated for different genetic models that, with 
recurrent selection, the DH-procedure yields a larger change in population 
mean per generation of selection than conventional methods, even when the 
populations are relatively small. 
Optimum generation for DH-production in autogamous crops 
Basically, every generation from F 1 onwards can be used as parental 
material for DH-production. The F 1 generation up to now has most commonly 
been used because time saving is maximal. This advantage is offset by the fact 
that ( 1) large populations need to be developed to obtain transgressive segre-
gants and desired combinations of characters, (2) F 1 -DH lines constitute an 
unselected sample of genotypes : there is no opportunity for selection of 
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simply inherited traits or for characters with high heritabilities (short stature, 
earliness), and (3) recombination is restricted owing to linkage disequilibrium 
as demonstrated by Snape and Simpson (1981a). These authors, on the basis 
of theoretical calculations and experimental evidence-albeit from one barley 
cross only-reached the conclusion that the F 2 would appear to be the best 
generation for producing DH-lines. The F 2 allows some selection between 
individuals both positive and negative. A time delay until F 3 would only pro-
duce a small change in variance, whereas an S3 generation (from intermated 
F 2 plants) would require extra labor for extensive crosses in addition to a 
generation delay. In this experiment, the generation delay (F 2 instead of F 1 ) 
increased variation for ear emergence time, height , grain number per ear and 
ear number per plant but resulted in a decrease in the variance for grain weight 
per plant and 250 grain weight. The authors hypothesize that , if linkage is 
important, this would most likely require the breakup of repulsion linkages, 
but the delay can also break down desirable coupling linkages built up by 
previous recombination and selection. As usual in plant breeding, the breeder 
has to find the best compromise. 
The DH-procedure in allogamous crops 
DH-lines from allogamous crops may be used as parents of hybrid varieties 
and of synthetic varieties. Such lines mostly suffer from inbreeding depression 
and may thus display low fertility or lethality, reducing the number of useful 
DH-lines. On the other hand, when DH-lines can be produced at a low cost and 
in large numbers, relatively vigorous homozygous lines might be selected. 
Vigorous and fertile inbred lines allow the production of large amounts of 
single-cross seed, although it has to be admitted that vigor need not imply a 
good combining ability. In maize, the laborious testing for combining ability 
is a limiting factor rather than the production of inbred lines. 
Haploids may be a tool for creating specific and novel material. Examples 
are the production of homozygous diploid and tetraploid potatoes via gyno-
genetic monoploids (Van Breukelen et al., 1977) and supermale (YY) lines 
of asparagus (Asparagus officinalis) (via anther culture), thus allowing the 
production of all-male hybrids which are generally superior to female ones 
(Hondelmann and Wilberg, 197 3 ). Homozygous tetraploid potato lines have 
been proposed as a tool for estimating the average coefficient of double reduc-
tion a:, the additive genetic variance, and the dominance variance of quaduplex, 
triplex, duplex, simplex, and nulliplex genotypes in potato populations, a 
system of mating and data processing designed and developed by Tai (1983). 
When inbred lines are developed via haploids in allogamous crops, all 
natural barriers to repeated selfing are bypassed, e.g., dioecy, self-incompat-
ibility, and long juvenile periods. An additional advantage for self-incompatible 
crops is that selection is avoided for weak incompatibility alleles or genetic 
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backgrounds inhibiting the activity of such alleles (Hermsen and Ramanna, 
1981). 
DH-lines and genetic analysis in functional diploids 
In addition to their use in breeding, DH-lines may be useful for analysis 
of the genetics of qualitative and quantitative characters. A few examples may 
be mentioned. Snape and Simpson (1981b), working with barley, demonstrated 
the use of the DH-procedure for selecting and estimating linkage values of 
major genes and for determining pleiotropic effects of specific major genes on 
other agronomic characters. The use of DH-lines for genetic analysis of quan-
titative characters has been investigated by Choo et al. (1979), Choo (1981), 
Choo and Reinbergs (1982), and Snape and Simpson (1981a, 1981b). The 
components of genetic variation and the number of effective segregating factors 
could be estimated and linkage disequilibrium detected. Collins and Legg 
(1980) reported genetic applications of haploids in allotetraploid Nicotiana. 
Dublin ( 197 4) discussed the possible utilization of haploids for studying the 
genetics of the cacao (Theobroma cacao) tree . 
Dihaploids from autotetraploid crops 
Although the following discussion , in principle, applies to all autotetra-
ploid crops, the requirements for an efficient use of dihaploids in breeding are 
fulfilled only in alfalfa and in potato. 
The advantages of dihaploids relate to the complicated tetrasomic inher-
itance in autotetraploids. Combination of and selection for favorable characters 
at the tetraploid level are much more laborious and require larger populations 
than at the diploid level. Furthermore in related wild and cultivated species, 
there is a wealth of genetic variation for specific desirable traits, such as resist-
ances to diseases, pests, and abiotic factors, as well as abundant allelic diver-
sity for obtaining maximum heterozygosity. Most of these relatives are diploid 
species, which in general can easily be hybridi~ed with dihaploids but are 
difficult to cross with autotetraploid cultivars. Hybrids between dihaploids and 
diploid relatives have normal chromosome pairing and gene recombination at 
meiosis. Therefore, desirable genes can easily be transferred from wild species 
to the cultivated autotetraploids via dihaploids. 
However, a high proportion of dihaploids is completely male sterile. Also, 
female fertility is greatly reduced in most dihaploids, and flowering is predomin-
antly poor or even lacking. Deleterious recessives and otherwise aberrant plants 
occur frequently. On the other hand, these drawbacks may differ greatly 
depending on the cultivar used. In addition , large numbers of dihaploids can 
efficiently be produced from nearly every autotetraploid genotype in potato, 
and, though to a lesser extent, also in alfalfa. Finally, about one-third of the 
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dihaploids can be used as females in crosses with wild and cultivated diploids, 
which mostly results in increased fertility, flowering, vegetative vigor, and (in 
potato) tuberization. 
Breeding of au totetraploids at the diploid level 
Owing to the ease with which large gametic samples can be produced in 
potato and alfalfa, sufficient numbers of dihaploids can be obtained that can 
be used for further crosses. Van Suchtelen (unpubl. results), working within 
Solanum tuberosum, has succeeded in breeding agronomically well-performing 
diploid material. However, Peloquin and his associates have clearly shown that 
including cultivated related diploids and even wild species greatly increases the 
potential of breeding at the_ diploid level. The overall breeding strategy as 
adopted and defined by Peloquin (1982) involves three main components: 
(1) the wealth of species as sources of genetic diversity, (2) dihaploids from 
autotetraploid potatoes as effective tools in capturing the genetic diversity of 
the species, and ( 3) first-division-restitution-(FDR)2n gametes as instruments 
for intact transfer of genetic diversity to the autotetraploid level. The rationale 
of this breeding strategy is based on the following experimentally acquired views: 
1. The allelic diversity within the autotetraploids is too small and has to 
be supplemented by new alleles from relatives (Glendinning, 1979). 
2. Performance of autotetraploids is directly related to the degree of 
multi-allelism in a genotype or population (Busbice and Wilsie, 1966; 
and Mendoza and Haynes, 1974). 
3. Breeding at the diploid level is most efficient; however, owing to their 
inherent di-allelism, the varietal potential of diploids is inferior to that 
of autotetraploids. 
4 . Sexual polyploidization through FDR gametes warrants a nearly 
intact transfer of diploid superior genotypes to the tetraploid progeny 
(Mendiburu and Peloquin, 1977; Mok and Peloquin, 197 5 ). 
The views on which the aforementioned breeding strategy is based hold 
true for alfalfa as well (Demarly, 196 3; Busbice and Wilsie, 1966; Bingham, 
1971; Dunbier and Bingham, 1975; Bingham and McCoy, 1979; and Bingham, 
1979). However, alfalfa is a seed-propagated crop. Consequently, once an 
excellent variety would be produced from this technique, repeated sexual 
propagation through random mating would result in a decrease of tetra-allelic 
loci until a constant, relatively low level of tetra-allelism is attained at equilib-
rium. Performance would decrease at the same rate. 
Dunbier and Bingham (1975) used colchicine-doubled dihaploid x dihap-
loid hybrids for producing autotetraploid parents with a defined genotypic 
structure viz. only duplex-diallelism at the heterozygous loci. Using the diploid 
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and corresponding autotetraploid parents they produced diploid and cor-
responding autotetraploid single and double crosses in order to study their per-
formance . The tetraploid double crosses performed far better than single 
crosses and parents. Although double crosses have a higher potential perform-
ance than synthetic varieties , problems arise with the production of sufficient 
amounts of commercial seed. 
In vegetatively reproducing crops where the cultivated form is autotetra-
ploid and a wealth of diploid relatives and dihaploids is available , breeding at 
the diploid level in association with bilateral sexual polyploidization and 
possibly somatic hybridization of divergent superior diploid hybrids holds 
great promise . 
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ABSTRACT. It is shown that the extent to which wild species and primitive forms are 
utilized in crop breeding depends on the nature of the crop and on the availability and 
accessibility of the species. Useful genes derived from related species are predominantly 
those for resistance to diseases and insects, but adaptability, quality traits, and yield also 
could be improved by including wild species and primitive forms in breeding. Some special 
applications are the induction of haploids, (re)synthesis of allopolyploids and induction of 
cytoplasmic male sterility. 
Gene transfer is usually brought about through normal recombination, but, in cereals, 
induced recombination and translocation have also been applied . It is emphasized that the 
normal recombination is most effective. Th.is implies that species that are closely related to 
crop plants are to be preferred. The breeder should resort to remote species only if they 
carry unique genes not available in more closely related species. 
The concept of prebreeding within wild and primitive species before crossing with 
cultivated forms is explained along with the concept of column breeding for polygenic 
traits. An integrated breeding procedure based on these concepts is presented. The concepts, 
though basically correct, need to be critically evaluated as to their practicability in breeding. 
Pre- and postzygotic barriers to interspecific hybridization are listed along with ways 
to overcome them. Evolutionary and genetic aspects of interspecific barriers are discussed 
and data presented on the genetic control of crossability of species. Some experimental 
data in Solanum and grass species clearly illustrate the nature and extent of various inter-
specific barriers in remote hybridization. 
Index Descriptors: interspecific hybridization, crossability, prebreeding, column 
breeding, interspecific barriers, Solanum, grasses, and introgression . 
RATIONALE FOR INCLUDING WILD SPECIES IN BREEDING 
During their evolution, wild species have survived selection pressures from 
various diseases, pests, and adverse environmental conditions. This, in addition 
to the tremendous differences in soil, water supply, temperature, daylength, 
and light quality and quantity in the centers of diversity, has given rise to the 
characteristic wealth of resistances and other genetic variation . On the other 
hand, cultivated forms are relatively young and protected by man, so their 
genetic variation is usually restricted. They are vulnerable to various adverse 
factors, as several calamities in history have shown. Logically, plant breeding 
has to rely upon the treasures in the gene centers. 
Some fifty years ago, plant breeders were not yet prepared to utilize 
wild species for crop improvement. At present, breeders' minds have changed, 
and both wild and primitively cultivated material from the gene centers are 
1 Department of Plant Breeding, Agricultural University, Wageningen, The Netherlands. 
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being utilized in many crops. The extent to which related species are used 
depends on the nature of the crops and the availability and accessibility of 
related species. 
In crops like barley (Hordeum vulgare ), corn (Zea mays), field bean 
(Phaseolus vulgare ), and cassava (Manihot utilissima ), most useful variation is 
available in the crop itself and interspecific hybridization is not readily applied 
(Hawkes, 1977). In ornamentals, clovers, grasses, and fruits, the distance 
between cultivated forms and wild species is so small that including wild 
species in breeding is obvious. Quite a few crops have escaped extinction by 
using wild relatives: potato (Solanum tuberosum) in Europe (late blight), 
sugar cane (Saccharum officinarum) (mosaic virus), coffee (Coffea arabica) 
(rust disease), and tobacco (Nicotiana tabacum) (tobacco mosaic virus and 
bacterial wilt) . A different use is being made in crops that usually are grafted 
onto wild root stocks, like citrus (Citrus spp.), rubber (Hevea spp.), grape 
(Vitis vinifera), roses (Rosa spp.), and fruit trees , the wild species being resist-
ant to soil-borne diseases. Most extensive has been the systematic introgression 
of desirable genes from wild material through crosses and backcrosses under 
selection in each generation. So far, desirable genes from wild and primitive 
forms have been predominantly those for race-specific and polygenic resistance, 
tolerance, and immunity. Genes for increased adaptability of crops have ex-
tended the areas where these crops can be grown, e.g., wheat (Triticum aestiv-
um), rye (Secale cereale), and grape (Vitis vinifera). An up-to-date example 
of increased adaptability are some wild Lycopersicon species as sources of 
genes leading to greenhouse-grown cultivars of tomatoes that need less energy 
(Institute of Horticultural Plant Breeding, Wageningen). Also, quality char-
acters have been improved by using wild species in breeding cotton ( Gossypium 
hirsutum) (fiber quality); potato (Solanum tuberosum) (texture and protein 
content); rice (Oryza sativa), oats (Avena sativa) and soya (Glycine max) 
(protein content); tobacco (Nicotiana tabacum) (lower nicotine content); 
strawberry (Fragaria ananassa), and tea (Camellia sinensis) (improved flavor) . 
Unexpected yield increases have been obtained in hybrid progeny from oats 
and Avena sterilis (Takeda and Frey, 1977); potato and Solanum vernei, S. 
goniocalyx, and S. demissum (Huijsman and Wiersema, unpublished results); 
and strawberry with its ancestral species Fragaria chiloensis and F. virginiana 
(Evans, 1977). Such effects on polygenic characters may be due to interactions 
between genes from wild and cultivated species. New flower shapes and colors, 
thornless Ribes, and branched ears in wheat and rye are other surprises from 
nature. 
Since the early and mid-sixties, large-scale breeding programs, aimed at 
broadening the genetic base of potato breeding, have been carried out using 
primitive and wild potato species from South America. These species produce 
normal tuber yields under short-day conditions only. Repeated cycles of 
positive mass selection for tuber production under long-day conditions in 
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Europe and the United States have yielded genotypes producing considerably 
higher tuber yields than the initial material. Crosses between these adapted 
genotypes and S. tuberosum cultivars often displayed heterosis and have 
yielded new cultivars. In addition, a considerable number of resistance genes 
have been obtained this way (Simmonds, 1966; Plaisted, 1°972; Haynes, 1972; 
Glendinning, 1979; and Maris, unpubl. results). 
Some more sophisticated applications of wild and primitive species are 
the induction of haploids, (re)synthesis of allopolyploids, induction of cyto-
plasmic male sterility, analytic breeding, and increasing knowledge in the 
evolution of cultivated species. 
When there is sufficient affinity between related species and cultivated 
crops, crossing and backcrossing is the most obvious and efficient way of 
introducing desirable genes through normal recombination. The increasing 
knowledge of genetic control of pairing behavior in Triticinae (Sears, 1976) 
offered tools for gene transfer through induced recombination . Where even this 
technique failed, the induction of translocations by irradiation of alien addition 
lines has successfully been applied (Sears, 1956; and others). 
When initiating a program of utilizing wild species in breeding, the first 
step is to collect as many accessions as possible of related species and genera 
either from existing gene banks or through expeditions in the centers of diver-
sity. The material collected should be taxonomically identified, catalogued, 
and properly propagated and stored. The affinity between species and crops 
has to be determined either through taxonomic (Anderson, 1949), biochemical 
(Johnson et al., 1967), cytological (Kihara, 1930), or genetic methods (Gerstel 
and Phillips, 1958) or combinations of these methods. Species with the greatest 
affinity to the crop can be used most efficiently for gene transfer. 
Most important is the systematic evaluation of species for desirable 
characters followed by pre-breeding, as will be explained below. A good know-
ledge of barriers between species and of methods to overcome them is indis-
pensable. This will be explained in more detail along with some fundamental 
aspects. It will also be illustrated with some results from relevant investigations. 
THE CONCEPT OF PREBREEDING PLANT SPECIES 
Plant species are separated by barriers to intercrossing. This prevents them 
from being submerged in one large gene pool. A breeder has to break or circum-
vent these barriers in order to make the genes accessible. Wild species and 
cultivated crops may be remotely related. In such cases, the breeder may have 
to use bridging species when direct crosses with cultivars do not succeed. Even 
when the direct crosses are successful, several backcrosses may be needed to 
nobilize the hybrids. Both the use of bridging species and backcrossing are 
laborious and usually lead to a decreased level of desirable polygenic traits. 
Species that are closely related to the cultivated crop are to be preferred. 
464 HERMSEN 
Furthermore, the nobilization process is speeded up at the diploid level, be-
cause at the polyploid level, undesirable "wild genes" will disappear more 
slowly from the population . 
Prebreeding is a procedure which may promote the efficiency of inter-
specific hybridization. It is called prebreeding because it implies breeding 
within each species before crosses with cultivated material are made. Prebreed-
ing, in addition to selection for adaptation to the prevailing environmental con-
ditions, may include : (1) a thorough evaluation of desired characters within the 
species before crossing with cultivars, (2) a study on the genetics of such char-
acters within the wild species in order to avoid erratic genetic ratios due to 
unbalance in interspecific hybrids, (3) concentrating genes controlling poly-
genic traits, and ( 4) combining within the species different valuable characters, 
which usually are scattered over different accessions of that species. 
The results of a prebreeding program may be highly valuable genotypes 
that are environmentally adapted and that comprise concentrated genotypes 
for the required characters. A clarification of the genetics of these characters 
may have occurred. Especially , crosses between a crop and remotely related 
species should not be carried out before the unique genes of that species are 
combined and the characters concerned are upgraded to the highest possible 
level. 
THE CONCEPT OF COLUMN BREEDING FOR POLYGENIC TRAITS 
The column concept is based on the assumption that polygenic resistance 
to a certain disease in different species is based on different genes. The way of 
introducing a high level of stable resistance into cultivated forms according to 
this principle can generally be described as follows. Breed the available species 
with resistance to the disease separately to an acceptable level of nobilization. 
This results in nobilized resistant populations, each of which derives its resist-
ance from a different species. Each population is a column of resistance, and 
the columns are assumed to carry different resistance genes . Therefore, inter-
crossing them may produce genotypes with high-level stable resistance due to 
the accumulation of genes from different sources. Because combination takes 
place after nobilization, further crosses with cultivars may at least be restricted 
and at best be avoided. The procedure makes sense only when different sources 
of resistance, or eventually other polygenic traits , are available. 
An obvious application of the column concept is the use of species from 
the two geographically and genetically isolated gene centers of potato: South 
Ameri~a and Central America (mainly Mexico). Based on the separate evolution 
of Mexican and South American species, it may be assumed that they carry 
different genes for agronomically important characters. Therefore, one may 
hypothesize that nobilized genotypes enriched with genes from Mexican species 
may be complementary in several respects to nobilized genotypes carrying 
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genes from South American species. This would imply that there are good 
prospects for transgressive breeding based on the concept of columns. 
AN INTEGRATED BREEDING PROCEDURE FOR POLYGENIC TRAITS 
DERIVED FROM WILD SPECIES AND PRIMITIVE FORMS 
Figure 1 illustrates how the concepts of prebreeding, column breeding, 
and combination breeding can be integrated in one procedure. The advantages 
of combination breeding after prebreeding and separated nobilization are that 
few crosses and, eventually, no back crosses are needed, high levels of characters 
may be maintained, and loss of genes is minimized. 
BARRIERS TO INTERSPECIFIC HYBRIDIZATION 
AND WAYS TO OVERCOME THEM 
Interspecific barriers in the broadest sense include all isolation mechan-
isms between species. When discussing barriers to interbreeding, spatial isola-
tion, non-overlapping flowering time and cleistogamy are left out of consider-
ation because they are real barriers only in nature, not in a breeding program. 
There are various kinds of barriers to interbreeding, and they may become 
manifest at different stages or even in different generations. Following Steb-
bins (1971), a distinction can be made between prezygotic and postzygotic 
barriers to interbreeding. 
Prezygotic barriers in a breeding program are: (1) inhibition of pollen 
germination or pollen tube penetration of the stigma; (2) arrested pollen tube 
growth at different sites in style, ovary, or ovulum; and (3) single or otherwise 
abnormal fertilization which may lead to parthenogenesis or defective endo-
sperm. 
Postzygotic barriers are: (1) disturbance of early embryo and endosperm 
development due to somatoplastic sterility, elimination of chromosomes, and 
other expressions of disharmony; (2) failure of shrivelled or even normal seeds 
to germinate; (3) (sub)lethality and other abnormalities during F 1 plant 
growth; (4) male sterility or poor flowering of F 1 plants; and (5) disharmon-
ious genotypes in segregating generations causing hybrid breakdown. 
Prezygotic barriers have been overcome or circumvented more or less 
successfully in different ways. Using large numbers of female plants and a 
pollen mixture from many males may be advocated in view of genotypic differ-
ences in crossability. Cutting of styles and direct pollination of ovules has been 
reviewed by Rangaswamy (1977). 
The results of using "mentor pollen" are different. Stettler (1968) was 
successful with Populus as were Willing and Prior (1976), who got good results 
from treatment of stigmas with chemicals. Use of immunosuppressants (Bates, 
























Preferably diploid species as 
sources of genes. 
~rebreeding within each species 
using different accessions per 
species: evaluation + inherit-
ance studies + concentration 
of polygenes + combination of 
different characters. 
Improved species: upgraded 
levels of polygenic traits and 
different characters combined. 
No bilization via crosses and 
backcrosses with cultivated 
material : 
-separately per species 
-preferably at diploid level. 
Nobilized " columns." 
Combination breeding at nobil-
ized level. 
Figure 1. An integrated breeding procedure for polygenic traits from wild 
species and primitive forms . Impr. = improved ; Col. = column. 
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Embryo culture is an indispensable procedure when the endosperm is 
defective (Raghavan, 1977; and Jensen, 1976) . The embryos should be suf-
ficiently large . F 1 sterility may be overcome by chromosome doubling if it is 
caused by lack of homologous pairing. This is not the case when sterility is due 
to sterility genes, cytoplasmic-genie interactions, or disharmonious gene com-
binations, but then sterility is often restricted to male gametes. However, 
female fertility may also be low in hybrids and may cause diffi culties when 
backcrossing is needed (Lapchenko, 1962). 
Environmental factors are important in interspecific hybridization, be-
cause unstable genotypes are more sensitive to unfavorable conditions than 
stable ones. When crosses between wild species and cultivars do not succeed 
at all , the breeder has to resort to so-called bridging species, which are crossable 
with both cultivar and wild species. Problems related to this procedure have 
been discussed earlier. A few examples of the use of double bridges will be 
given below. 
Reciprocal differences are very common in interspecific hybridization. In 
most cases it is not predictable which will be most successful. Therefore, it is 
advisable to make routinely interspecific crosses reciprocally. An important 
exception is the rather general phenomenon that when self-incompatible and 
self-compatible species are intercrossed, a cross between a self-compatible 
female x self-incompatible male is most successful. This "unilateral incompat-
ibility," first described by Lewis and Crowe (1958), has been observed in 
nearly all plant families which comprise both self-compatible and incompatible 
species (Abdalla and Hersen, 1972; and de Nattancourt, 1977). 
EVOLUTIONARY ASPECTS OF INTERSPECIFIC BARRIERS 
Gene exchange between species in nature is restricted or completely ab-
sent. Without interspecific barriers, species would become submerged in one 
gene pool. Ecological or geographic isolation of subpopulations of a species 
may initiate the evolution of new species due to natural selection in different 
environments. An isolated population may become genetically divergent from 
the original species to such an extent that upon artificial intercrossing with the 
original species, postzygotic barriers become manifest. Prezygotic barriers 
may evolve between sympatric forms due to natural selection against fertil-
ization by alien pollen. They may also evolve in the presence of previously 
developed postzygotic barriers . A detailed description of these processes is pre-
sented by Stebbins (1971 , chapter 5 ). 
GENETIC ASPECTS OF INTERSPECIFIC BARRIERS: A GENETIC MODEL 
A cross between two species is successful if there is a normal relationship 
between pollen and pistil parent. A normal relationship implies that , after 
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pollination, a chain of processes can take place unhampered. This requires per-
fect coordination and interaction between gene (complexes) in the pollen 
(parent) and matching gene (complexes) in the pistil parent. According to 
Hogen boom (197 5 ), each of the matching parental genes or gene complexes 
controls a link in the chain of processes and interactions which are needed for 
successful hybridization. Incomplete matching may cause one or more missing 
links in the chain and may thus inhibit interbreeding. In this case, there is a 
lack of genetic information in one species about some character in the other. 
For this phenomenon, Hogenboom (1973) introduced the term "incongruity," 
which is genetically different from incompatibility based on oppositional 
action of equal S-alleles in pollen (or pollen plant) and pistil. In relation to 
incongruity as far as it is expressed between pollination and fertilization, Hogen-
boom proposed the terms "penetration capacity" and "barrier capacity." 
Penetration capacity is determined by all genes or gene complexes in the pollen 
which control its capacity to overcome or circumvent barriers against hybridiz-
ing alien females. Barrier capacity comprises the genes or gene complexes con-
trolling all barriers on the female side against being hybridized by alien pollen. 
INTERSPECIFIC CROSSABILITY 
Crossability between species is determined by the genotypes of both paren-
tal species according to Hogenboom's model for incongruity. Hermsen et al. 
(1977) reported results from interspecific Solanum crosses that suggested a 
gene-for-gene relationship between male and female parent; the crossability 
spectrum found resembled reaction spectra displayed by many host-parasite 
systems. There are several reports on genetic determination of crossability 
between species (Lein, 1943 a, 1943b; Grun and Aubertin, 1966; Pickering and 
Haynes, 1976; Hermsen, 1966; Hermsen et al., 1974; and Hogenboom, 1972). 
In outbreeding species, only certain genotypes of one species may be crossable 
with certain genotypes of the other. If these crossability genotypes are scant 
in either species, the probability of getting a combination that fits is small. 
A statement that two species are not crossable is controversial unless a broad 
genetic variation of the parental species has been used and the cross combina-
tions uave been carried out on a large scale under a wide range of environmental 
conditions (Hermsen, 1979). 
SOME EXPERIMENTAL RESULTS 
Figure 2 shows the production of tetra- and hexaploid double-bridge 
hybrids in Solanum. Only S. bulbocastanum has the high level of late blight 
resistance that could be transferred through two susceptible bridging species 
into part of the hybrids with S. tuberosum. S. bulbocastanum and S. tuber-
osum are fully isolated species. S. acaule is crossable only as female with S. 
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Figure 2. Double-bridge hybrids between Solanum bulbocastanum and S. tuberosum. In parentheses: 
indication of genome composition. Ploidy levels: 3x, 4x, 6x; x = 12. 
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Table 1. Crosses made by Matzk et al. (19 80) between three species each of 
Festuca and Lalium as females and four to nine predominantly 
apomictic polyploid species of Paa as males. 
No. of Paa No. of 9 Total no. 
species 
Female parent (ploidy) (male) 
Festuca pratensis (2x, 4x) 9 
Fustuca arundinacea (6x) 9 
Festuca gigantea (6x) 4 
Lalium perenne (2x, 4x) 9 
Lalium multi/forum (2x, 4x) 9 
























bulbacastanum . Both the triploid and the tetraploid hybrids (2n gametes from 
S. bulbacastanum) were completely sterile. Doubling through colchicine re-
sulted in fertile hexaploids, but the octaploids were still sterile and had to be 
discarded. Crosses between the hexaploids and diploid S. phureja besides some 
trihaploids also produced a large amount of shrivelled seeds, of which the major 
part germinated normally , giving rise to the tetraploid hybrid with the genome 
composition ACBP (chromosome number ranging from 42-48). About 160 of 
these plants (18,000 flowers) were pollinated with cultivars and 25 of them 
produced nearly 200 seeds in total, giving a total of 40 hybrids. So there were 
strong barriers between the ACBP-tetraploid and the cultivars, which could be 
overcome owing to the large-scale pollinations. The final hybrids segregated 
for late blight resistance. Most of them intercrossed freely and displayed only 
weak barriers to further crosses with varieties (Hermsen and Ramanna, 197 3 ). 
Comparable results were obtained in attempts to intercross a wild non-
tuberbearing Salanum species with tuberbearing wild species (Hermsen and 
Taylor, 1979). Also , in this case, two wild bridging species enabled a final 
hybridization with cultivars. 
Extensive investigations on interspecific and intergeneric crosses were 
carried out by Matzk et al. (1980) in grasses. On twelve plants of tall fescue 
(Festuca elatiar) used as female parent, 1,800 florets were pollinated with 
cocksfoot (Dactylis glomerata) ; only from one plant were three hybrids ob-
tained. In this plant, pollen tube growth was nearly normal, whereas in the 
other eleven plants, pollen tube growth was inhibited. Another large-scale 
crossing program was carried out (Table 1) involving three species each of 
Festuca and Lalium (9) with nine mainly apomictic polyploid Paa species. 
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Table 2. Crosses made by Matzk et al. (1980) from 197 6-1978 of Festuca and 
Lolium species with the following tropical grasses: 1. Agropyron scab-
rum, 2. Cenchrus ciliaris, 3. Panicum maximum, 4. Paspalum dilatatum, 
5. Pennisetum purpureum, 6. Eragrostis curvula. 
Male Total 
parents No. of<? no. of 
(nos. refer plants pollinated 
Female parent (ploidy) to caption) avg. range florets 
Festuca pratensis (2x, 4x) 1,2,3,4,5 ,6 4.6 1-8 4,421 
Festuca arundinacea (6x) 1,2,3,5 5.3 3-7 4,470 
Festuca gigantea (6x) 3 2.0 2 402 
Lolium perenne (2x, 4x) 2,3,4,5,6 3.6 1-6 3,674 
Lolium multi/forum (2x, 4x) 1,2,3,4,5 ,6 9.5 3-26 9,689 
Lolium hybridum (2x, 4x) 2,3,4,5 4.5 3-7 3,515 
The three species are sympatric. In spite of application of mentor pollen, 
growth substances, irradiation, cutting styles, and extension of crossing over 
four successive years, not one hybrid plant was obtained from 67,468 pol-
linated florets. Pollen germinated badly, and pollen tubes spiralized, thickened, 
or burst in the styles. Only in cross combinations where several thousands of 
florets of many female plants were pollinated did a few embryos start to grow, 
but they aborted prematurely. 
A third large program was comprised of crosses between the same Festuca 
and Lolium species as females with six apomictic tropical grasses (Table 2) as 
males. Festuca and Lolium species and the tropical species are allopatric and 
have evolved in highly different environments . Lolium and Festuca have a 
C3 -assimilation pathway and x = 7; the tropical grasses have a C4 -assimilation 
pathway, and x is mainly 9. In view of the separate evolution, strong post-
zygotic barriers were expected and indeed found. Prezygotic barriers were 
hardly expected because of their allopatry. However, normal pollen growth 
was observed only in the crosses with Cenchrus and Pennisetum. In no case 
were hybrid plants obtained in spite of embryo culture and size of the program. 
DISCUSSION 
Evaluation is one of the key words for a manager of a gene bank. When 
accessions are being evaluated, notes are taken of the results, stored in a com-
puter and eventually published. Most so-called resistant accessions, when 
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inoculated, segregate for resistance. Accessions could be improved during the 
evaluation procedure by intercrossing resistant plants or collecting open-
pollinated fruits from such plants . In this way, new accessions with higher 
frequencies of resistance genes are bred. Genetic drift could be avoided by 
growing a somewhat larger number of plants per accession. Stepwise upgrading 
accessions of wild species for one or more characters would contribute greatly 
to their usefulness in breeding. Breeding columns for polygenic traits as well as 
prebreeding may be too laborious to be applied for several such traits and in 
several species. The concepts as such are correct and should be kept in mind 
when utilizing wild species. In practice , however, the breeder will try and grasp 
as many useful characters out of a species as possible , because the nobilization 
process may be time consuming. 
Experiments are presented to illustrate severe breeding barriers. They are 
not representative for most interspecific crosses. Many species are closely re-
lated to the crops to be improved and sometimes the hybrids can be handled 
like intervarietal crosses. The availability of closely related species varies greatly 
between crops. Only when remote species carry exceptionally valuable genes 
not found in closer-related species , such large-scale programs may be rewarding. 
Somatic hybridization sometimes is advocated in cases of remote hybrid-
ization. If successful, it has some advantages . Sterile or poorly flowering plants 
can be hybridized, as well as very young plants . Furthermore, heterozygous 
valuable genotypes are not disrupted, and the hybrids obtained may be immed-
iate allopolyploids if no chromosome elimination occurs. On the other hand , 
only one hybrid genotype is obtained from two parental genotypes . Back-
cro~ses, which may be more difficult that the original cross, cannot be made 
through a second cycle of somatic hybridization, because the chromosome 
number will reach levels too high for normal functioning. Somatic hybrids 
from very remotely related parents may suffer from inviability, sterility, and 
instability, but even if they are fertile, preferential pairing may prevent the 
necessary gene recombinations. There is a real risk of a dead end. 
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College of Home Economics, 1983. Families of the Future: Continuity 
and Change. 168 pp. Iowa State University Press, Ames, IA. Paper (ISBN 0-
8138-0626-7) $7.80. 
Families of the Future: Continuity and Change is a book of readings 
emanating from a conference by the same name sponsored by the College of 
Home Economics at Iowa State University in 1981. The paperback book con-
sists of the nine lectures and synopses of the thirteen workshops. 
The lecture topics are important and timely: "Family: Its Worth, Diver-
sity, Persistence"; "The Current Status of Research on the Family"; "Using 
Research in Educational Programs"; "Needs and Concerns of the Black Fam-
ily"; "Families and Public Policy"; 1'Programs for Families: Scenarios for the 
Future"; "Law and the Family"; "Social Change in the Post-Industrial Era: 
Options for Families"; and "A Global Look at Future Families." The lectures, 
each about ten pages in length, are well written. The themes of continuity and 
change are balanced and integrated in the lectures. The presenters include some 
of the stalwarts in family studies, such as Nick Stinnett and Carlfred Broderick, 
as well as persons less known in family studies, such as Gretchen Glode Berg-
gren, a physician who has worked in third world counties. 
The lectures are particularly instructive and should be highlighted. Stin-
nett points out in his overview of using research in educational programs that 
much family research has been done and journals and conferences about fam-
ilies abound, but family professionals talk to themselves too much. To put 
knowledge about families into action, he urges dissemination of information, 
influencing family policy, and more action-oriented research. A. Sidney John-
son III describes family impact analysis and suggested ways to increase the 
political effectiveness of family advocacy. His examples are vivid, and his 
recommendations are practical. 
The thirteen workshops are reported in about three pages each and 
include a summary of the leader's presentations and workshop activities . The 
topics are interesting and make one regret not having attended the confer-
ence. Unfortunately, however, the format does not allow sufficient space to 
adequately treat some very important issues. I was disappointed when my 
interest was aroused about issues that were not discussed in any depth. 
Families of the Future : Continuity and Change is a book which family-life 
educators and family advocates would find useful, and it is suitable for some 
college courses. While the lectures are authoritative, they are remarkably free 
from jargon and esoteric language. The book is appropriate for persons with 
Limited knowledge about theory in family sociology. 
476 McCLELLAND 
The first "Families of the Future" conference was held in 1971 and this 
second one in 19 81. Hopefully, the College of Home Economics at Iowa State 
University is already planning one for 19 91 , with a book as good as this one to 
follow. 
] erry McClelland 
University of Minnesota 
